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theory  of  operation  shows  the  explicit  relationship  between  material 
parameters  and  device  performance  characteristics.  A new  electrode  design 
configuration  is  uv’seribed  that  reduces  Insertion  loss  charsc*  grit'  let.  Result’ 
show  that  particle  agitation  la  not  required.  Test  data  of  metallic 
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OBJECTIVE  OF  CONTRACT 


The  obJty'O.ivo  of  thin  contract  is  to  demonstrate  the  feasibility 
of  developing  a new  class  of  microwave  waveguide  phase 
shifters  basis’  on  the  operating  concept  of  electronically  con- 
trollable liquid  artificial  dielectrics..  The  study  Is  to  he 
directed  toward  analog,  reciprocal  devices  that  are  simple 
In  construction,  can  be  produced  at  low  cost  in  small  quan- 
tities, can  handle  high  power  levels,  and  have  an  Insertion 
loss  of  less  than  2 dB  for  360*  phase  shift.  The  phase 
shifters  are  to  operate  at  S-band  frequencies,  handle  peak 
power  levels  of  greater  than  1 . 25  ttiognwntts,  and  an  aver- 
age power  level  of  up  to  5 kilowatts.  An  essential  factor 
In  the  program  is  a ehemtcal/physical  stru<  ’ t re  study  of 
dielectric  materials  that  represents  the  fief,  trade-off  in 
terms  of  performance  and  reproducibility. 
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ABSTRACT 


This  report  describe*  the  work  done  tn  prove  the  feasibility  of  developing  a new  class 
of  m'.crowave  phase  shifter*  based  on  the  concept  of  electrically  cootrollable  liquid 
artificial  dielectrics  using  metallic  suspeosion.  Th*  theory  of  operation  shows 
the  explicit  relationship  between  material  parameters  and  dev  ice  performance 
character  I sties.  A new  electrode  design  configuration  is  described  that  reduces 
insertion  loss  characteristics.  Results  show  that  particle  agitation  Is  not  required. 
Test  data  of  mntalHc  suspensions.  liquid  crystals,  and  certain  proteins  are  given. 
Test  data  are  given  for  insertion  loss  characteristics,  VSVVR,  and  phone  shift  as  a 
function  of  applied  voltage  over  the  band  of  frequencies  from  2. 7 to  2. 9 GHz. 

The  prospects  for  new  material  compositions  arc  discussed  os  well  as  their  relative 
merits.  Recommendations  are  made  for  further  studies.  Important  now  findings 
on  particle  agitation  and  (he  use  of  surfactants  amending  previously  held  beliefs 
are  dbeumented. 
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1.  The  put'iosc  of  thio  effort  uas  to  detcraino  tlic  feasibility 
of  developing  a reciprocal,  high  pover,  liquid  dielectric, 
analo;;  phase  shifter  for  operation  in  the  S-bnnd  region  of 

the  microwave  epcctrun.  Aa  identified  in  the  HA l)C  Technology 
rlan  (TTO-3),  these  nodorato-te  high  poi'cr  electronically 
controlled  phase  shifters  are  currently  needed  to  provide  the 
necessary  phase  lncrenents  to  achieve  a polarisation  diversity 
capability  in  an  existing  air  traffic  control  ovate*  and  In 
a planned  airport  surveillance  radar,  the  Ali/CPII-U  ami  -12A, 
respectively. 

2.  TEto  effort  has  advanced  the  Lnoviedgc,  design,  synthesis 
and!  functional  operation  of  n net/  class  of  reciprocal  ulcro- 
wav«  phase  shifter.  In  addition,  the  pro, ’.ran  hoc  contributed 
to  « long-tcrr  overall  objective  to  Jevelep  and  anply  the 
technolorv’  necessary  to  synthesize  any  practical  Liquid  di- 
electric r.ediur  featuring  electronically  controlled  permittivity 
*«>r  uue  in  low  cost,  large  onndvldth  phase  shifting  configurations 
at  loth  low  and  high  power  levels  at  any  nkrovavc  frequency, 

3.  The  feasibility  of  the  approach  vas  empirically  tltov#  In 

rout  go.il  areas  except  tiiat  of  nliase-sct  response  tine. 

A ticvj  y developed  theory,  verified  |>y  preliminary  ts.tasur  esients , 
-.rodicts  thni  this  prohlun  can  he  nokvcd.  Since  this  and  other 
pertinent  *>  lc  rovave  characteristics  wero  not  icsolved  or 
ascertained  during  the  course  of  this  mro-rae,  a follov-on  effort 
• 111  be  necessary  in  order  to  determine  all  the  attributes  of 
this  potentially  pronit’.ing,  phase  shifting  technique.  The  con- 
tinuation of  this  program  not  only  offers  a possible  solution  to 
the  high  power  variable  phase r dilemma,  but  could  fora  the  basis 
for  a wide  range  of  arraigns  and  t ranr,*  i sa  i on  line  applications 
which  would  be  siaple  i ,i  construction  nad  loo  cost  in  both  snail 
and  larpe  quantity  predue t Ions . 5u  c c c r. ‘i  f u 1 completion  of  these 
efforts  vould  advance  uyctcr.  capabilities  in  the  areas  of  long 
ranee  detection,  surveillance  a:t»!  ground  control  In'.ercept  systems, 
weather  detection  and  penetration  aid  radars,  air  traffic  control 
ar,«l  navigational  radar  T/stens. 
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I.  INTRODUCTION 


Plume  shifters  enable  of  ope  r si  In*  at  very  high  power  level*  wtth  low  Insertion  toes 
characteristics  and  providing  reciprocal,  analog  operation  at  low  cost  are  currently 
needed  for  use  on  a variety  of  medium,  long  range,  and  other  surveillance  radars 
to  satisfy  such  requirements  as: 

• Warning  and  Control 

• Anti-Submarine  Warfare 

• Reconnaissance 

• Meteorological 

They  are  needed  to  provide  the  capability  to  operate  these  radars  with  polarisation 
agility.  In  addltiun,  high  power  phase  shifters  are  required  for  new,  coal -effective 
antenna  systems  that  will  be  based  on  the  limitcd-scon  concept  in  which  large 
ref.-.-efors  utilize  high  power  array  feeds  capable  of  amplitude  and  phase  control  at 
each  feed  element  thereby  providing  considerably  extended  electronic  scanning  over 
that  available  wllh  phase  control  only  and  at  high  power  levels. 

At  present,  two  primary  types  of  phase  shifters  exist  — the  PIN  diode  and  the  Ferrite 
phase  shifters.  Neither  the  diode  nor  the  ferrite  phase  shifter  have  attained  very  high 
peak  and  average  power  handling  capability. 

The  results  presented  in  this  report  are  based  on  work  which  deliberately  bypassed 
conventional  phase  shifter  technology.  The  areas  of  electro-optica,  plasma- 
physics,  and  physical  chemistry  were  searched  lor  physicul  phonomona  that  might 
be  used  as  operating  principles  for  a new  microwave  phase  shifter.  The  most 
promising  appronrh  was  synthesized  from  work  done  in  each  of  these  disciplines. 

The  result  of  this  work  is  an  electrically  controllable  artificial  dielectric  material 
comprised  of  metallic  particles  suspended  in  a suitable  liquid  with  the  suspension 
exhibiting  controllable  anisotropy.  Variable  phase  shift  is  realized  by  Inserting 
this  liquid  dielectric  in  the  signal  path  be  It  a waveguide  or  a dielectric  lens.  Since 
propagation  velocity  in  dielectrics  is  inversely  proportional  to  the  dielectric  constant, 
changing  the  effective  dielectric  constant  changes  the  apparent  path  length.  The 
permittivity  is  controlled  by  applying  a low  frequency,  variable  intensity  electric 
field. 
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This  report  ilr«crilM>»  (hr-  S-baml  study  of  the  ne  v phase  shlffer  t*  f.-hnl  juo  to  prove 
feasibility  of  the  principle  of  ojwrat Ion,  (he  specific  nf)prouch  chosen,  and  finally 
ific  device  itself. 

The  work  earned  out  on  this  program  and  covered  In  this  report  was  concentrated 
In  five  areas. 

• Analytical  studies  of  phase  shifter  ceil  design  and  establishing  the  theoretical 
background  for  determining  the  relationship  between  certain  device 
specifications  and  material  parameters.  For  example  response  time  as 

a function  of  particle  size  and  applied  field. 

• Electrode  design  and  eliminating  possible  moding  problems. 

• Development  of  a suitable  pumping  scheme  to  prevent  particle  settling. 

Hie  results  obtained  are  a breakthrough  In  the  sense  that  it  was  po  siblc 
to  show-  that  pumping  is  not  at  all  desired  thereby  significantly  extending 
operational  know-how  of  this  new  phase  shifter  technique, 

• Material  and  material  projeilie*,  among  them  metallic  suspensions, 
liquid  crystals,  and  also  proteins. 

• Testing  the  experimental  model  built  at  low  and  high  power  levels.  All 

of  the  theoretical  and  experimental  exploration  of  phase  shifter  performance 
parameters  arc  documented  tn  this  report  by  comprehensive  data  curves. 
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2. 


THEORETICAL  CO  NS  IDE  RATIONS 


1.1  PHYSICAL  CONSIDERATIONS 


When  dielectric  materia  Ik  with  electronically  variable  anistroplc  permittivity  are 
Inserted  la  a microwave  signal  path,  the  propagation  velocity  of  the  microwave  signal 
la  electronically  controlled.  Hence,  a phase  shift  or  phase  delay  la  observed.  The 
dielectric  medium  may  contain  conductive  part  idea  suspended  In  a dispersion. 
Without  an  external  force,  the  particles  exhibit  a random  orientation  due  to  the 
agitation  of  the  Brownian  movement  or  therm*!  motion  that  normally  renders  the 
aaedlum  isotropic.  When  an  electric  field  E is  applied  to  the  medium,  the  particles 
polarise  and  tend  to  align  their  longest  axis  with  the  applied  field.  The  medium  be- 
comes anisotropic  and  the  Kerr  effect  is  observed. 0)*  The  degree  of  statistical 
alignment  and,  therefore,  the  change  in  permittivity  In  related  to  the  strength  of  the 
control  field.  The  dielectric  material  displays  an  electronically  variable  anistroplc 
permittivity . An  anisotropic  dielectric  Is  a nonconducting  medium  whose  properties 
are  different  to  different  directions. 

1.2  KERR  EFFECT 


The  Kerr  effect  was  first  observed  with  experiments  cm  the  optical  properties  of  a 
medium  that  was  in  an  applied  electric  field.  The  Kerr  cell,  shown  in  Figure  2-1 
Illustrates  the  phenomenon.  When  linearly  polarized  light  enters  a slab  of  material 
that  has  an  applied  field  E.  the  altered  refractive  index  of  the  medium  caused  by  (be 
applied  field  wilt  result  in  an  elllpUcallv  polarized  light  beam  leaving  the  cell.  The 
vector  of  the  incident  light  Ej.  may  be  resolved  Into  two  components,  one  parallel 
to  the  direction  of  the  applied  electric  field*  E , and  the  other  perpendicular  to  the 
direction  of  the  applied  electric  field,  Ex.  Under  the  influence  of  the  external  field 
the  medium  will  have  refractive  Indexes  <n  > n±  ) that  are  dlfterent  for  each  compo- 
nent. Hence,  the  two  components  wli!  traverse  the  medium  at  different  velocities 
and  emerge  out  of  phase. 

Without  an  applied  electric  field  the  particles  are  oriented  at  random.  The  applied 
electric  field  produces  .*  non -statist  I cot  orientation  no  that  the  anisotropic  properties 
of  the  medium  are  observed.  The  parallel  and  perpendicular  Indices  of  refraction  arc 
related  to  the  applied  field  E by 


do  c 


<*-l) 


•All  references  are  gathered  in  *tectioo  10. 
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LINEARLY 
POLARIZED  LIGHT 


» ♦ l ♦ «_ 


| *APPLIEO 


T 


KERR  CELL 


ELI.IPTICALLY 
POL ARIZEO  LIGHT 


U)  SIDE  VIEW  OF  A KERR  CELL 


UU»I 


<b)  LIGHT  ENTERING  THE  CELL 
IS  PLANE  POLARIZED 


It)  LIGHT  LEAVING  THE  CELL  IS 
ELLIFTICALLY  POLARIZED 


Figure  2-1.  Kerr  Effect 


where  n ie  the  mean  refractive  Index,  K la  a material  dependent  constant  and  n^  > nx 
represent  the  parallel  and  perpendicular  components  of  the  refractive  Indices  respec- 
tively. Tables  of  values  for  the  material  constant  K at  optical  frequencies  are  given 
In  Hr  fere  nee  1, 


The  mean  refractive  Index,  n,  Is  related  to  the  material  permittivity  c and  the  mate- 
rial a permeability,  p,  by  the  Maxwell  relation, 


n *= 


Itlt/t 

u 


<2-*> 


where  r0  l<  the  permittivity  of  free  space  (8,  854  x I0-12  co*»l2/n»m2)  and  la  the 
permeability  of  free  space,  lire  phase  velocity  vp  of  a light  beam  passing  through  the 
medium  with  permittivity  t becomes 


» « c/n  (2-3) 

P 

where  c Is  the  speed  of  light.  Hence,  phase  velocity  Is  Inversely  proportional  to  the 
square  root  of  the  permittivity  of  the  material.  From  this  point  t will  refer  to  the 
relative  permittivity,  */<0. 
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The  optical  path  length  of  the  Kerr  cell  shown  In  Figure  2*1  for  the  parallel  compo- 
nent of  the  light  beam  Is 


V LYlo 

where  N , is  the  number  of  wavelengths  of  light  in  the  cell  of  length  L,  nj:  Is  tbs 
parallel  light  component  Index  of  refraction,  and  A 0 Is  the  wavelength  < f light  In  a 
vacuum. Similarly,  the  equation  for  the  perpendicular  component. 

NA  - L ax/ka  (1-5) 

From  equations  2-4  and  2-5,  the  optical  path  length  difference  p expressed  In  radians, 
becomes 


♦ « 2#<Nj-  Ni> 

* 2»  L An/A^ 
o 


(2-«) 


where  An  * n,  -n  ■*  Kul‘ 

II  ** 

The  following  analogy  can  be  made  for  the  variable  permittivity  phase  shifter  cell  that 
operates  In  the  microwave  frequency  spectrum.  Equation  2-1  remains  valid  since  It 
Is  lndcpeiwlent  of  the  wavelength  of  any  Signal  passing  through  the  medium.  Equations 
2-2  and  2-3  apply  to  propagation  of  electromagnetic  wave#  at  any  frequency.  The 
number  of  wavelcnglhs  N In  a phase  shifter  cell  of  length  L Is 

N «=  L/A  C-7) 

where  A Is  the  wavelength  of  the  microwave  signal  In  the  medium.  In  terms  of  the 
wavelength  of  the  microwave  signal  In  free  space  Ag  the  wavelength  In  the  medium  is 
reduced  by  the  Index  <4  refraction  n where 

A *-  A#/n  (2-8) 


Substituting  equation  2-8  into  2-7,  the  number  of  wavelengths  In  the  phaser  cell  for 
the  parallel  and  perpendicular  directions  In  terms  of  the  free  apace  electromagnetic 
wavelength  becomes 


N, 


Ln  /A 

T • 


(2-*) 
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The  microwave  phase  delay  In  degree*  la 


* - 360*  L AnA#  12-11) 

or 

* - 360*  LKnE*A  (2-12) 

9 

The  Kerr  constant  K in  equation  2-12  needs  to  be  evaluated  (or  the  artificial  dielectric 
material  In  (he  microwave  frequency  region. 

In  the  microwave  region,  it  Is  preferable  to  use  the  dielectric  constant  rather  than  the 
Index  of  refraction  In  equation  2-12.  The  dielectric  constant  con  lie  related  to  the 
index  of  refraction  using  equation  2-2  and  the  fact  that  p ■=  p Q tor  tte  system  a under 
consideration. 

Thus,  d1*  i and  we  find  that  An  *>  (l/2n)  Ac  * Ac/2  Jk  . 

The  microwave  phase  delay  of  equation  2-11  can  thus  be  rewritten  In  terms  of  the 
change  In  the  parallel  and  perpendicular  components  of  the  dielectric  constant  Ac  aa 

* - 360*  ~ » 360*  ~ K/c  E*  (2-13) 

a v*  i 

It  la  useful  to  define  a specific  Kerr  constant  K*p  if  (he  dielectric  Is  constructed  by 
suspending  one  substance  In  another.  The  specific  Kerr  constant  may  be  defined  as 

K • C K 

V sp 

where  Cv  Is  the  volume  fraction  of  the  suspended  component.  This  relation  indicates 
that  at  relatively  low  particle  densities  the  effect  of  adding  more  particles  to  the 
fluid  linearly  Increases  the  Kerr  constant.  The  quantity  Ac  will  be  analyzed  In  more 
detail  keeping  in  mind  that  equation  2-13  converts  the  Ac  information  readily  Into 
phase  shift  information. 


2.3  ARTIFICIAL  DIELECTRIC 


The  dielectric  material  used  In  the  liquid  phase  shifter  cell  has  conductive  particles 
suspended  In  a dispersion  medium.  The  mixture  Is  called  an  artificial  dielectric 
because  It  Is  an  heterogeneous  mixture  of  microscopic  particles  rather  than  an 
assembly  of  free  atoms  or  molecules.  In  general,  an  artificial  dielectric  exhibits 
magnetic  dipole  polarisation  as  well  as  electric  dipole  polarization.  Since  the  dipole 
polarization  varies  for  different  directions  in  the  applied  electric  field,  the  artificial 
dielectric  demonstrates  anisotropic  properties.  The  combined  effect  of  all  the 
particles  In  the  dielectric  under  the  influence  of  an  external  electric  field  is  to 
produce  a net  average  dl|tole  polarization.  The  net  effect  of  the  particle  dipole  mo- 
ments In  the  medium  may  be  evaluated  by  either  the  classical  Lorentz  theory  of  real 
dielectrics  or  with  Maxwell's  equations.  ^ 

U the  conducting  particles  are  asymmetric  and  are  free  to  rotate  in  the  dispersion 
medium,  the  orientational  polarization  can  be  controlled  by  an  applied  electric  field, 
and  a variable  permittivity  liquid  dielectric  results.  The  present  research  effort 
Investigates  s microwave  artificial  liquid  dielectric  material  that  consists  of  an 
inert  solvent  and  a high  density  suspension  of  minute,  asymmetric  conducting  plate- 
lets. The  variable  phase  delay  properties  of  the  artificial  dielectric  are  attributed  to 
the  asymmetry  of  the  individual  particles.  Under  zero  electric  field,  the  particles 
are  randomly  oriented  and  arc  in  constant  thermal  motion.  When  a.-'  electric  field  is 
applied  to  the  medium,  ihe  surface  charges  on  the  Individual  particles  rearrange  (po- 
larize) In  such  a way  that  they-  become  minute  electric  dipoles.  On  the  average,  the 
particles  experience  an  aligning  torque  ami  will  position  their  long  axes  with  the  ap- 
plied field  lines.  The  permittivity  along  the  field  direction  varies  as  a function  of  Ihe 
particle  alignment.  Hence,  a microwave  signal  propagating  through  the  medium  with 
Its  electric  fieid  vector  parallel  to  the  bias  field  vector  experiences  a phase  delay  that 
la  a function  of  Ihe  bias  field  strength. 

Hie  electrons  In  the  asymmetrical  conducting  particles  arc  Isolated  on  each  platelet 
to  that  the  only  electron  motion  possible  in  the  presence  of  an  applied  field  Is  a dis- 
placement of  the  positive  and  ncgntlvc  charges  of  the  particles  in  opposite  directions. 
Once  this  charge  separation  occurs,  ihe  particles  are  polnrized  and  possess  an  In- 
duced dipole  montent.  These  dipoles  a.,  a groip  produce  their  own  field.  On  • 
molecular  scale,  the  fields  of  the  Individual  dipoles  are  analyzed.  On  the  other  hand, 
a macroscopic  analysis  considers  the  average  fields  produced  by  n large  number  of 
particles  (dipoles).  The  artificial  dielectric  will  be  analyzed  from  the  macroscopic 
point  of  view.  This  sppnoch  Is  justified  provided  that  the  distance  between  the  dljtoles 
Is  greater  than  the  dimensions  of  ihe  dipole  so  that  there  are  no  interactions  between 
dipoles. 
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2 • i THE  KERR  EFFECT  OF  METAL 1. 1C  SUS PE N31QNS 
2.  4.  1 KERR  EFFECT  MAGNITUDE 

O'KonskJ^  has  considered  the  theory  of  electric  field  induced  orientation  of  motalik* 
suspensions.  Until  this  work  no  data  has  been  available  for  the  testing  of  O'Konskt's 
theory,  which  Is  now  outlined  hens. 

In  this  treatment  St  will  be  assumed  that  the  metallic  particles  In  suspension  will  be 
ellipsoid*  of  revolution  with  two  characteristic  lengths  a and  b,  with  a equal  to  the 
symmetry  axis.  Figure  2-2  shows  the  two  possible  configurations  which  are  oblate 
a <b,  and  prolate  b<  a spheroids.  Oblate  spheroids  are  approximations  to  disk-llhs 
particles  and  prolate  sphcrolda  are  approximations  for  neeifle-ilke  particles.  Let 
9 bo  the  angle  of  the  symmetry  axis,  a,  with  the  direction  of  some  externally  applied 
Mas  field  E,  as  shown  in  Figure  2-3.  If  Cv  Is  the  volume  fraction,  Cv  * Vz/fVj  ♦ Vg) 
of  the  metal  particles  of  volume  Vi  suspended  in  the  dispersion  medium  of  volume  Vjt 
and  9 Is  the  orientation  angle  and  fi  an  optical  anlatropy  factor,  then  the  birefringence 
An  can  be  written  as: 


C 

An  * ~ <2-14) 

where  4(f)  Is  the  Induced  orientation  factor  given  by 

r 

♦<tf ) - j f<0)  (3  coe2  9 - 1 ) 2»  tin  (»)  69  (2-15) 


Figure  2-2.  Vtewa  of  Prolate  and  dilate  Spheroids 
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Figure  2-3.  Orientation  Angles  for  Kllipsoid*  in  a Bias  Field 


Tl.e  function  f (W)  is  the  probability  per  unit  solid  angle  of  finding  the  symmetry  axis 
direction  with  nng'e  . t'sing  the  Bolt/.man  statistical  mechanical  method  this  funelir.r 
depend*  on  die  energy  of particle,  W, 


* 


/ 


•WAT 

c 27  sin  (0)  do 


where  icj)  is  the  (toil /net  it  constant  and  T the  absolute  temperature  in  Keivl,., 


<2-ie> 


Maxwell  hi  % (.dtulalcd  thi*  snistr't»v  factor  (gj,  - gt>)  for  el  lip®  ids  which  hme  throe 
principal  inomt  tils  > ( iclr.iction  along  the  symmelry  axes: 


2 2 

i "l 

g n — — — , for  J *■  a,  b,  and  c (2-17) 

’ '”  ) ♦ (n^  / n - 1) 

'lids  theory  nj  pile*  to  Immersing  ellipsoid*  with  d. 'polarization  ratio  Aj  along  the 
axis  ) <>f  t ik  (Itiphoid  j,j  a mcdiuin  of  index  of  refraction  n. 


The  tlefioJai'i/ itjon  ratio  is  enh  Minted  using  the  integral  for  general  ellipsoids 
where  ) runs  oier  the  avs  a,  b,  and  c 


A 

) 


j nhc  ds 

o 2 0^  * s)  |(:i^  * s)<1>2“  s)(cZ‘  .s)| 


1/2 


(2-  IS) 
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Thu*  the  function  In  equation  2-17  take*  account  of  the  two  important  asymmetry 
effects  for  ellipsoids.  One  Is  the  purely  geometrical  anisotropy  accounted  for  by  the 
Aj  term  and  the  other  Is  the  anisotropy  due  .o  the  different  principal  moments  of 
Induced  polarization  accounted  for  by  tbe  nj  term. 

The  total  energy  W of  a particle  can  be  divided  Into  two  parte.  W « U «-  V,  the  one 
pert,  V,  Is  the  energy  of  die  particle  not  due  to  Its  orientation.  The  other  pert,  U, 
is  that  due  to  the  energy  of  orientation  in  the  external  bias  field.  This  energy  can  be 
written  down  by  assuming  that  the  field  E Induces  s dipole  moment  01  the  spheroid 
with  orientation  0 . This  energy  Is  given  by 

U ’ (<#a F2coa2»  (2-W 

where  aj  Is  the  polarizability  along  the  {-symmetry  axle,  and  F Is  the  field  expe- 
rienced by  the  particle  In  the  Interior  of  the  dielectric.  This  field  for  low  particle 
densities  Is  F » E (<  *2)/3.  Sec  Bdttcher,  reference  5. 

For  metallic  ellipsoids  suspended  In  an  insulating  medium,  expressions  can  be  ob- 
tained for  a i and  gj  which  depend  only  or  the  shape  and  size  of  the  particles.  This  can 
be  done  using  the  following  equation  for  the  excess  polarizability  along  the  {lb  ,**ta. 


where  v represents  the  volume  of  the  particle,  c Is  the  dielectric  constant  of  the  me- 
dium, and  Cj  refer*  to  the  principal  moment  dielectric  constants  of  the  particle.  The 
Maxwell  relation  c 1 o'*  relates  the  Irnlex  of  refraction  to  live  dielectric  constant,  For 
conducting  particles  In  the  range  of  frequencies  below  the  optical  region,  cj  >><  . As 
s result,  the  difference  of  the  excess  polarizabilities  (a,  - o^)  can  be  written^) 


vt 

4 


* a - k> 


(2-21] 


Similarly  the  anisotropy  factor  Incomes 


Using  equation  2-14,  change  In  dielectric  constant  Is  written  as 


if  = 2 C (g  -a)  + m (2-2.15 

v a o 

For  fields  £,  which  are  small  compared  ta  k^T,  ihtil  Is  under  those  elrcuftwlnnrrs  In 
which  the  field  dries  not  perturb  the  configurational  energy  IV,  the  change  (n  ditdtit'lri  . 
constant  ear*  In-  calculated  by 


Ac  <* 


ft  * 2)2 

®V 


(2-211 


This  equation  applies  In  Ihc  limit  of  low  Cv  when  the  concentration  ■''* f particles  Is 
•mall.  In  this  case,  a specific  Kerr  constant  can  be  derived  that  depends  on'y  on  (he 
geometrical  proportion  of  the  particles,  or 


where 


K 

*P 


v c 

240  f |^T 


(f  ♦ 2)2  ..2 

— w 


Thus  the  change  In  cikdcct  'c  constant  Is 

Af  - C K K2  . 
\ ap 


(2-23) 


(2-2f») 


(2-271 


Up  to  this  point  Ae  has  I teen  defined  as  < - « where  th»<  subscript  s refer  to  orb  ?d-i  •• 

tlons  parallel  and  perpendicular  to  the  applied  field.  In  the  phase  shifter  arrar,»'  mrnt, 
where  the  electromagnetic  field  Is  in  si  'i'V.  | q,  »»o«|<\  the  < hang**  of  d|f(«!,.‘trl."  enr-.tard 

Is  refer  rod  to  Ar ' < - c . 


At  this  point  the  value  of  this  theory  can  lie  found  by  dl'pl.ivlng  the  iruf  'ifi.iticc  of 
various  parameters  of  »(*<»  svsti  m in  nhtni-dojj  fa-g*  pV  o'-  cbtft.1.  Ph  r •*  ra  rM<"?  (•-, 
of  most  Importnm e ate  the  >dhtg  dnrisltt  «»r  volume  fr of  the  tmtjclew  <\- 
the  volume  of  the  hull*  btunl  fi  |-t|(  le«.  v.  and  the  Ur-ip-  rath'.,  f,  Ci/'d.  led 

Q - (l/A,,  - l/Aj(t  Ini  t tiled  *he  ■"linro  fnco.i  It  turns  nut  that  A,j  4 i \t,  I «■•  that 

Q can  In"  rewritten  !r  terms  of  Aj  "til  \ . 


1 1 


(2-28) 


3 A - 1 

O » - - - 

\(,-2V 

Figure  2-4  shows  the  functional  deiwMKtencc  of  A„  and  Ap  on  ft,  the  shape  ratio.  When 
a « b,  or  ft  1.  Aa  * Aj,  «*  1/3.  The  regions  to  the  right  of  this  point  correspond  to 
nee<le~llke  particles  while  lie  left  region  corresponds  to  dlsc-llkc  particles.  Figure 
2".»  flhows  .i3  and  A ^ owr  the  disc  region  on  an  expanded  scale.  Next,  the  important 
funaUon  Q Is  shown  (Figure  2-6)  calculated  from  o - 0 to  2.  It  can  bo  seen  that  Q 
docs  not  strongly  depend  on  ft  until  the  shape  ratio  is  less  than  3.2,  corresponding  to 
a:b  - 1:5.  The  crucial  dependence  of  Kfp  on  Q^,  seen  In  equation  2-25,  is  emphas’ied 
by  Ihe  plot  of  Q*  vs  ft  in  Figure  2-7.  Hence,  the  effective  shape  ratios  for  phase 
shifting  occur  only  for  values  of  ft  < .05  or  ad)  - 1:20. 

The  conclusion  from  examining  the  parameter  ft,  in  that  the  shape  ratio  is  an  extremely 
importin',  function  in  determining  phose  shifting  characteristics. 

Unfortunately,  the  volume  of  Ihe  particles  enters  as  a linear  iw^-arneler  in  cquatlcn 
2-2  * do  larger  particles  arc  preferred  for  good  phase  sniffing  characteristics.  This 
effect  Is  Important  since  fast  response  times  reqrlre  small  particles  while  large 
particle  sizes  tend  to  give  large  phase  shifts.  To  an  extent,  the  factor  -4  v In  equation 


Figure  2-4.  Depolarization  Rath*  Depcmlcnce  (A)  on  Shape  Ratio  (ft) 
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Figure  2-7.  Square  of  Shape  Factor  (Q)  Dependence  on  Shape  Ratio  (A) 

2-25  can  Im*  offset  by  * creasing  the  loading  density  of  the  particles  which  considerably 
mitigates  the  problem.  Due  to  the  polvdlspcrshy  of  particle  shapes  and  sixes,  this 
effect  ha:j  not  yet  been  evaluated  experimentally.  A!  this  point  the  pr*>duct  of  vCy 
which  occurs  In  the  change  of  dielectric  constant  expression  2-24  can  be  assumed 
adjustable  for  maximum  effect  at  low  I coding  densities. 

Two  additional  problems  which  consider  the  magnitutics  of  the  expected  Kerr  effect 
with  metal  particles  Include-  possible  saturation  and  sample  polydispersity.  Saturation 
effects  arc  observed  -Alter  the  Kerr  effect  is  no  longer  proportional  to  Polydls- 
persity  is  caused  by  a variety  of  sire  and  shape  particles  in  the  medium. 

2.4.  1.  1 HIGH  FIKIJ)  CASF  ■-  In  obtaining  cqicdion  2-2t  from  2-23,  the  integrals 
In  tin?  expression  for  d1  (equation  2-15)  were  evaluated  by  assuming  that  r/kpT  was 
small  compared  to  1.  thus  the  exponentials  were  expanded  in  powcr3  of  using  the 
orientational  energy  function  In  equation  2- ID.  it  It  is  no  longer  possible  to  Ignore  the 
gross  orienting  effect  of  the  bias  Held  on  the  metal  particle*,  these  Integrals  must  bo 
evaluated  numerically.  If  a function  y is  defined  as 
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C2-2A* 
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V^l 

WbT)  J 


..2 


then  + can  be  calculated  ac  a function  of  y . This  function  Is  plotted  for  values  of 
y * 0 to  25  in  Figure  2-8.  The  linear  region  for  V ■ 0 to  5 corresponds  to  the  region 
of  validity  of  equation  2-27,  while  for  Y > 5 saturation  effects  begin  to  become  Im- 
portant. The  function  V can  be  rewritten  as 


V « 


» < Q E2 


<2-30) 


Thus,  saturation  effects  become  Important  when  the  particle  size,  the  shape  function 
<Q>.  or  the  ratio  E2/kBT  gets  too  Urge.  During  this  contract  period  consequences  of 
saturation  and  polydiape  rally  haw  been  observed.  However,  the  effects  have  not  been 
Investigated  In  depth. 

2.4. 1. 2 POLYDISPERSITV  AND  THRESHOLD  EFFECTS  — Baca  use  of  the  systems 
used  In  this  study,  the  problems  of  particle  pnlydlsperslly  are  particularly  Important 
because  the  aluminum  and  magnesium  particles  used  were  not  the  same  size  and 
shape.  The  theory  so  far  prevented  assumes  that  the  particles  arc  all  of  the  same 


w«U 


Figure  2-8.  Dependence  of  Orientation  Factor  (4)  on  Boltzman  Factor  (Y ) 
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sf/c  awl  shape  The*  effect  j><h vdl»j>crslty  ran  lie  accounted  mr  by  defining  an 
average  specific  Kerr  cnnthnf  KSp  l>y  using  a sh;q>c  and  size  distribution  function, 
f(f,A),  Tltls  distribution  function  gives  lltv  pr*>*>nbllity  of  finding  n pa r'.lcle  In  the  size 
range  I to  f * df  and  of  shape  rnllo  6 In  A * dA.  The  net* rage  specific  Kerr  constant 
is  defined  as: 


ff  K (1,6)  f(f,A)  dl  dA 

*P 


(2  “31) 


For  relatively  sharp  distributions  of  f(4,  A)  around  come  value  of  fu.  An  equation  2-27 
cmi  be  used  effectively.  However,  If  the  dlslrlbutbm  A is  not  sharp,  then  the  threshold 
effects  become  very  Important.  If  the  particle  sl/e  ami  shape  distribution  Is  very 
broad  and  asymmetrical  then  the  behavior  of  K*p  at  threshold  dciiends  wry  strongly 
on  the  applied  voltage.  Appnrcntly  at  low  field  strengths  the  torque  applied  by  the  bias 
field  to  the  particle  must  overcome  an  energy  barrier  to  rotation.  Frenkel  has  ex- 
amined theories  of  viscosity  which  may  account  for  this  observation.!®) 

Equation  2-24  nn  be  rewrlUen  In  terms  of  the  shape  function  Q an  equation  2-32* 
which  upon  rearrangement  yields  equation  2 -32b. 


ih 


Ac  240 g 

f (*XT) 


(A)  • -2c* 


<2-32*) 


(2 -32b) 


The  function  on  the  left  (to  be  called  Z)  Is  useful  to  Indicate  the  applicability  of  the 
theory  lieing  used.  Figure  2-0  shows  a plot  of  " 


z — -210—  ( — ) a. 

(■’V  ‘ 


(2-33) 


versus  Cv  for  several  applied  bias  voltages  using  Silbcrline  "A A’* aluminum  In  CCI4. 

A line  of  constant  slope  m - should  Ik;  ol>tained.  Thin  [unction  might  iw  called  the 
effective  specific  Kerr  constant.  In  fact,  sevei  1!  lines  of  consent!  slr>t>e  are  obtained 
indicating  loss  and  loss  dope  for  hlgtwM-  voltages,  fl  the  shape  tutor  is  assumed 
t<>  bo  constant  for  the  different  particle  sizes,  then  l»i  • cone!usl*'«i  that  must  be  reached 
Is  that  the  average  effective  * **lutne  of  the  iwiiiclcs  m ist  decreasv  v. i lit  increase  of 
applied  field.  This  is  Just  the  expected  t«*su!i  if  wc  a«»;em«*  that  applied  field  strength 
i;.,p  only  affects  those  particles  targe  enough  such  that  the  applied  field  energy  I* 
larger  than  the  barrier  to  rotation. 


Figure  2-9.  Effective  Specific  Kerr  Constant  Against  Volume  Fraction 

of  Second  Component 

Hits  conclusion  shows  the  tremendous  Importance  in  the  future  for  fully  Investigating 
Use  effects  of  size  ami  shape  on  the  phase  shifting  ability  of  fluids.  Ultimately,  It 
opens  up  the  possibility  of  constructing  suspension  dielectrics  with  designed  particle 
dint r tin  lions  to  achieve  fast  response  tins'  and  large  stable  phase  shift. 

2.4. 1. 3 TKMPKIlVmtK  AS  A PARAMETER  - Hie  temperature  of  the  sample 
affects  its  fiijise  s^hilt  ability  by  changing  Ac  in  two  ways.  The  first  is  the  obvious 
functional  (k'pcmk’ixc  of  Kftp  in  the  nc^ulvc  first  power  of  T.  Dy  using  observed 
values  for  rnctnlllr  suspensions  we  can  obtain  the  expected  temperature  coefficient  of 
phase  shift  as  follows* 


;>A  r a 2 

—p  ^ “ (k  > c y 

ST  >•  I sp  v 


- ~ K C E2  - ~ Af 
T 8|>  v T 


(2-34) 


For  n charge  In  dielectric  constant  of  0.7.  which  is  often  observed  at  .TOO  *K, 
9Ae/f*T  * .002. 


Using  equations  2-23  nnd  2-27  the  change  In  phase  shift  per  degree  K can  be  written 


3d  1 

ST  “ T 


<2-3j> 


for  300’  shift  at  300*  K this  corresjwinds  to  a tcmircrature  coefficient  of 

~-l-2*/*K  which  is  in  good  agreement  with  that  observed  try  Ituscher  (1972).  (?) 
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2.4.2 


ItESPONSK  TIME  AND  RELAXATION  PHENOMENA 


The  theory  of  the  response  of  metal  suspension  artificial  dielectrics  to  a polarising 
field  has  been  considered  by  numerous  authors  ami  reviewed  extensively  by  O'KonsklH) 
(1072).  As  noted  In  2.4. 1,  those  theories  primarily  consider  motiodlspersc  suspen- 
sions, that  Is.  suspensions  of  one  size  and  shape,  whereas  the  systems  being  used 
In  this  study  are  polydispcrse.  Thus  we  feel  that  at  present  only  the  quilltattve 
results  from  the  theory  can  be  used  as  s guide  to  the  properties  of  our  systems. 


A particle  in  the  medium  experiences  several  torques  over  a period  of  time.  There  is 
an  orienting  tongue  due  to  the  bias  electric  Held  and  DrownLin  motion  fluctuations 
which  cause  random  uncorrelated.  instantaneous  changes  in  the  orientation.  Finally 
the  medium  produces  friction  when  the  particle  rotates  in  it.  The  differential  equation 
of  tho  orientation  function  f(»)  as  s function  of  time  can  then  be  wrlttcnf®* 


i »«M)  9 3_  rgln  o I af(fl.t) 

e at  v sin  o ao  L I att 


kT 


<».!>  }] 


(2-3#) 


wiie re  0 is  the  angle  of  the  symmetry  a».l»  with  the  applied  field  and  M Is  the  magnitude 
of  the  torque  <*f  the  applied  field,  the  frictional  losses  of  retailor.  an*  contained  In  Urn 
rotational  diffusion  constant  f.  This  equation  assumes  that  Inertial  terms  are  not 
present  since  the  energy  of  rotation  is  small  compared  to  the  Brownhm  motion  Impact 
energies.  This  equation  thus  cannot  predict  any  overshoot  of  the  phase  shift. 


For  a given  amount  of  dielectric  constant  change  Ar'D  at  some  field  strength,  the 
solution  to  2-36  gives  this  simple  exponential  law: 


^5 1 . 

Ar’fo) 


-t/r 

o 


r 


(2-37) 


where  the  relaxation  time  is  r.  (Benoit  1D*»I;  O'KonsM  and  Zlmm  1950). 

Wo  have  not  extended  this  theory  to  polydispcrse  samples:  al  tills  time  for  two  reasons. 
First,  the  data  indicates  that  only  one  characteristic  rulaxatl.wi  time  la  present  so 
that  empirical  values  for  r can  lie  obtained.  Second,  with  no  knowledge  of  tho  func- 
tionality of  f(f,A)  more  sophisticated  theories  are  not  useful. 
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Figure  2 - 1 J shows  the  process  of  changing  permittivity  for  l field  switched  on  and 
then  off.  In  the  simplified  theory  used  here  the  equation  for  buildup  la: 


x 


•hart 


T » 


1 

i 


The  assumption  of  this  model,  therefore,  la  that  the  buildup  time  la  approximately 
equal  to  the  relaxation  time.  Although  evidence  has  been  found  that  rf  and  tj,  the 
characteristic  rise  and  fall  times,  arc  different,  we  feel  that  the  data  la  not  of  suffi- 
cient quality  to  justify  too  much  dependence  on  thetr  values.  In  the  simple  theory 
tr  * tj.  A consideration  of  the  functional  dependencies  of  r on  various  parameters 
will  give  an  idea  of  the  possibilities  for  improvement  of  rr.  The  rotational  diffusion 
constant  depends  on  the  viscosity,  q,  the  characteristic  particle  radius,  t . the  tem- 
perature, T,  and  a shape  factor,  Q*.  similar  to  the  previously  defined  Q in  the  follow- 
ing way: 


e 


(2-40) 


The  characteristic  particle  rrtftus  is  equal  to  the  length  of  the  longest  axis.  Since 
rr  *=  l/C T-  the  Improvement  oi  response  time  Is  most  obviously  seen  to  arise  from 
reduction  of  the  pnrtieie  sire,  I.  Tin?  experimentally  observed  rr  for  particles  of 
slxe  3-10p  are  on  the  order  of  l-j  see,  so  that  s reduction  of  partlc’;?  -dze  by  a factor 
of  100  to  . 05-0.1  u shouid  give  rf  of  1-jpsec.  As  mentioned  in  2.4.1  (equation  2-24), 
there  Is  a tradeoff  of  i Ml  response  magnitude  with  response  time.  We  feel  that  study 


Figure  2-10.  Kwitched-on  and  Switohed-off  Behavior  of  TN*rmlltlvity 
Difference  (df  ')  in  tlie  Low-Field  Case 


along  Uwn  lines  In  certainly  indicated.  The  other  variables  in  equation  2-40  enter 
only  In  a linear  fashion  wo  that  on lv  moderate  improvements  can  be  expected  In  rr. 

In  particular,  the  composition  of  the  dielectric*  as  a CCI^  or  CCI^-Clir^  suaj)ension 
limits  the  range  of  o variation  while  the  temperature  range  of  lo-ftoX  Is  not  largw 
enough  to  substantially  change  h.  The  shape  factor  Q\  In  general,  Increases  with 
the  asymmetry  of  the  particle,  again  a result  (hat  contends  against  large  changes  In 
A*  '.  Using  the  following  approximate  values  for  the  parameters  in  equation  2-40 
we  have  calculated  a response  time  of  0 sec,  ns  characteristic  of  the  aluminum  parti- 
cle system.  We  took  T“  3O0*K,  I « lOp,  qE  10  millipoisc  and  O' r 2. 2.  The  value  of 
rr«6  see  corresponds  quite  well  to  the  observed  values  of  1-5  sec  for  tow  applied  bias 
fields  of  200  volta/cm  at  4 kHz, 

Figure  2-11  shows  a logarithmic  plot  of  the  parameter  rf  versus  particle  size  f In 
microns  using  the  low  field  case  equations  2-30  and  2-40.  The  three  lines  arise  from 
use  of  three  values  of  the  shape  factor  Q' « 0.22,  2.2,  and  22.0  corresponding  to  a 
shape  ratio  distribution  of  asb  from  1:2  to  1:20.  The  shaded  region  shows  the  region 
of  relaxation  times  and  size  distributions  which  have  been  studied  so  far.  fly  reducing 
the  size  of  the  particles  to  ~.0lp.  microsecond  response  times  should  be  realized. 

For  monodisperslvw  cases  O'Konskft*)  has  considered  high  field  response  times  and 
it  should  be  noted  that  at  high  field  strengths,  "r  should  be  much  smaller  than  r>.  We 
intend  in  the  future  to  uae  shaped  pulses  In  driving  voltages  for  given  orientations. 


Figure  2-11.  Logarithmic  Mot  of  Response  Time  (nr>  vs.  Particle  Size  (f)for 
Different  Values  of  Shape  Factor  ft}') 
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Empirically  high  field  strength  saturation  itcglns  to  show  above  400  volta/cm  at  4 kHz. 


Because  of  breakdown  problems  In  Ihe  svslcm  this  method  was  not  pursued, 

but  with  the  more  stable  magnesium  system  this  work  can  be  reinllialed.  Duschcr*^ 
{2^77)  while  forking  with  a Ky  band  p baser,  Inal  giant  pulses  on  the  order  o' 

20000  V/cm  prndtK-cd  response  limes  on  Ik*  order  of  10  psec.  We  feel  that  additional 
work  In  this  area  Is  Justified. 

Thus  two  methods  are  available-  for  Improvement  of  relaxation  times,  high  field 
pulses  and  particle  size  reduction. 


2! 
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3. 


ELECTRODE  DESIGN 


1.1  DESIGN  GOALS 

TV?  Initial  attempt  at  pr*?duclng  an  8 -band  phase  shifter  consisted  of  simply  scaling 
down  the  existing  Ky  band  version.  The  first  8-band  version  consisted  of  s single 
electrode,  approximately  58  cm  long,  placed  In  a WR-2W  waveguide,  with  teflon  im- 
pedance matching  wedges  mounted  on  the  ends  as  shown  in  Figure  3-1.  The  perform- 
ance characteristic*  of  this  initial  test  cell  design  is  showc  in  Figure  3-2.  This  de- 
sign was  to  be  the  starting  point  lor  improvement  in  electrode  tkclgn  and  modification 
of  the  8-band  phase  shifter.  To  prove  the  practicality  of  an  experiment*  model.  It 
was  felt  that  the  critical  goals  In  the  ares  of  electrode  design  that  should  be  me*  were: 

e Insertion  loss  < 1 dll  * . 2 d» 
e V8VVK  < 1.2:1 

e Control  Voltage  < 1000  volts  rmi 

3. 2 DESIGN  REDUCTION  OF  CONTROL  VOLTAGE 


Early  In  the  study  It  became  evident  that  one  of  the  primary  goala  for  realising  a 
practical  phase  shifter  would  be  reduction  of  the  applied  bias  required  for  operation. 
The  reasons  for  lower  control  voltages  arc  self-evident: 

1 . Reduced  electrical  Insulation  needed  to  prevent  breakdown  to  and  within  the 
phase  shift  v 

2.  Reduces  need  l r large,  heavy  high  voltage  power  supplies  required  to  shift 
phase 

There  are  a number  of  viable  approaches  which  can  be  sought,  all  of  which  can  be 
most  easily  r etracted  from  the  Kerr  equation 


< 


360*K  L 2 
. nE 


(»-») 


The  first  and  most  obvious  approach  is  to  lengthen  the  test  cell,  but  there  are  s num- 
ber of  disadvantages.  To  decrease  the  control  voltage  by  a factor  of  two,  the  phase 
shift  cell  would  !ta\  v to  be  lengthened  by  a factor  of  four  resulting  in  s cell  almost 
nine  feet  long.  Aside  from  the  manifest  problems  of  physically  handling  this  cell  and 
the  diftlcuhy  of  retrofitting  tt  into  an  existing  system,  the  Increased  losses  due  to 
liquid  dielectric  (even  Just  C'CI^J  would  make  this  approach  prohibitive. 
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Figure  3-1.  S-h*nd  Pfcaee  Shifter  Fabricated  Uait*  Ky  Bud  Vent* 


rmciH  s 


Q Insertion  l.c*s  vs.  Frequency  ^ VSW.R  vs.  Frequency 


^ULTwair*  * 


0 Phase  Shift  as  n Function  6f  Applied  Voltage 


Figure  3*2.  Initial  S - Rami  Phase  Shifter  Performance 
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The  hi'coihI  approach  — succi'ssfully  employed  an  part  <>{  me  ?>»  iPu-ial  - vould 

bo  to  Inrmwo  the  Kerr  constant  K and  tbrro>n  •»*’*.  0"  irntf  • . < <1  p«-rf.»r:»-  u • Tbi« 
has  been  pursued  by  varying  the  number  deo-ipy  fu  rhe  m- ' t n.u-tif'b  ■»•  i 

ij'Uhii.i.  I)V  ti  Mini!  dilferent  rri  *i»tfarMir*-i  m ■ "t  i u ■!  o , .<•.,«  >(  , Up  a 

and  through  ntn  malvitiU  research.  These  results  are  dliicusird  lit  a brnor  motion, 
but  It  lit  apparent  that  gjilna  In  this  area  are  limited,  as  In  the  t >+•■  of  i net*- -os  Inn;  the 
■electrode  length,  by  the  vK. 

The  third  approach  hits  boon  in  the  area  of  Inereastng  the  «>li*ctrle  tie  Id  strength.  by 
referring  to  the  Kerr  equation,  it  is  easily  seen  that  by  dsddlivg  the  electric  field 
strength  a factor  of  four  increase  In  the  phase  shift  Is  realized  in  the  Sow  V,  field  re- 
gion. The  electric  Hold  K is  related  to  the  applied  bias  voltage  V and  the  separation 
of  the  electrodes  d by  the  relutionship 


The  electric  field  can  be  Increased  In  either  of  two  wavs,  t’o-si,  the  control  voltage 
may  be  increased  (this  it*  not  dr. •sired);  second,  decrease  fh  electr  *l«>  '•<epar.it Ion.  By 
decrene on  the  electrode  separation  by  a factor  of  onlv  two,  the  control  voltage  i*  as 
cut  hi  tvi> If,  I ho  tk'Mr'n  chosen  (Figure  3-3)  wis  a a-elt'clrod  * or  (.•«.«;. qd.ito  onfeifigti ra- 
tion that  i educes  the  I’urttrol  voltige  to  o»M»-t*tlrd  the  e>rt  ;ttui  value.  Thi*»  r*if«fi^*it:.it|on 
reduced  (Itv  length  front  to  It  cm.  An  l.nportont  comparison  Is  the  phase  shift 
i>or  unit  length  of  waveguide  coll  shown  in  figure  3-1. 

:».  3 MIStr.N  ttKDTCTlON  OK  IN^rii  noN  |.f *$S  AM)  VSWH 

After  extensive  testing  with  the  single  electro*5*.  I’hniU  shift  cell,  it  v ,m  found  that  ttee 
insertion  Iob»  peaks,  shown  in  Figure  3-»,  tfe-t  were  being  observed  in  p'lre  f.vrbon 
tetrachloride  rind  the  Al-CClg  liquid  dielectric  were  higher-order  cv .mruvnl  mode* . 
further  testing  of  the  single  electrode  ronfigur  ut  m In  nr  -.-rlficd  this  -.uppi-otlon 
with  measurements  that  indicated  that  the  moth  s werv  l,r«r_  iruti  >t  <1  it  the  dnconti- 
nulty  of  the  electrode  within  the  cell.  The  curves  -tV.v. n in  figure  ;i-<l  •«  obtained 
by  drilling  three  holes  across  the  '.vld'.lt  of  the  guide  to  no  i ure  the  cXi  • ?«  five  of  a 
TK-20  morle  ahead  of  the  electrode,  of  the  elect  rode  disroot  iiuilfy,  arid  i>  it* levlividc. 

Am  obstacle,  or  di soonlimiitv.  will  generate  higher  order  modes  men  « Ivn  ihc  dlm-.n- 
sions  of  the  waveguide  are  too  small  for  their  transmission.  lit  the  t uu  iu>  if  discon- 
tinuities rather  complicated  field  distribution a prc-..dt,  but  tbeae  rri.e  i*e  i mtoln'd  by 
llygcr.s  construction  rm  thodu  which  Indicate  the  g*-nn  -tern  -f  <•«  to  di:  fu;;fo  r order 
modes.  However,  If  the  dimension*!  arc  such  th.it  onlv  the  » I. * :<■*.» . ct  n ulc  can  oc  sup- 
ported, such  waves  may  not  be  propagated  over  any  Ur  dn;  mn  •«.  Tli  .■  load 

into  whith  these  higher  order  sources  look,  b<  iu  ; a guide  api  < ai«  «i  tu-).*»,d  cutoff,  may 
be  regarded  as  a largo  negative  anspcetancc.  It  i»  not,  however,  a pure  •‘mspeotimee. 
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Figure  3-3.  Phase  Shift# r With  Pentaplftte  Electrode  Configuration 


DEGREES  PER  CM 


POS I T I DN 

FIkuiv  3-C,  Comjwitcr  fXt'viwi  Mode  Distribution  Using  Measured 
Amplitude  Distributism  Across  Waveguide  Width 

awl  is  not  entirely  free  from  log  it,  for  substantial  wall  current*  will  exist  incidental  to 
Kh<  multiple  r<  fleet  ion  of  the  higher  order  wave*.  Titus,  the  presence  ol  obstacles 
lea'!*  to  diistpndon  of  power.  Thus  it  v.as  felt  that  a different  approach  to  the  under- 
standing awl  analysis  of  waveguide  discontinuities  hod  to  be  taken.  • 

Consider  a line  terminate*!  in  its  characteristic  impedance  and  that  the  discontinuities 
in  the  waveguide  are  lossless,  that  is  V -•  IB.  Then  the  reflection  coefficient  r is 


2VV, 


<3-31 


where  Yj  is  the  admittance  ;u;sd  Mj  is  the  characteristic  admittance.  Normalizing, 
one  obtain* 

V 

r " 2 * Y ( 


*II.»"cd  primarily  on  Boutin  orth,  Ref.  10. 


The  reflection  coefficient  can  be  related  to  the  VSWR  ijy  by 


4 

v 


1 ♦ 


il 


i - M 


r w2 

V f ♦ i) 


*■  B 


T'  -2  - 

V*  ♦ o - o 


(3-3) 


Now,  the  •uapcctanec,  IB.  la  terminated  in  its  characteristic  admittance  7,  where  jz| 
<•  defined  a a 


151 ' jrrjsi* 

and  4,  the  angle  of  the  reflection  coefficient,  la  gives  by 

-1  2 


( * tan 


The  distance  to  a neat  by  voltage  minimum  la 
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l»l  d-|  - (2o  ♦ l)y 


(3-«) 


(3-7) 


(3-d) 


Combining  the  above,  one  gets 

(3-3) 

U should  be  noted  that  this  development  doe*  not  take  into  account  Utc  fringing  at  the 
discontinuity.  For  the  capacitive  case,  B > 0,  the  distance  to  the  first  milage  mini- 
mum Is 


|B| 


2 tan 


(' 


d 


(3-10) 


Vhlft  expression  identifies  where  a second  discontinuity  shnld  be  located  to  correct 
the  mismatch  incurred  uy  the  first.  Since  B a 0,  n discontinuity  sv  . *il«!  In-  located  at 
a distance 


( 


(3-11) 
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on  the  generator  side  of  the  minimum,  tf  jUj  is  small,  then  2/D  ~~  «,  and 


tan 


V B / 2 


which  gives  the  spacing  between  discontinuities 


A 


With  this  fact,  coupled  with  the  pcnlnpl.ite  electrode  design,  it  was  decided  to  space 
the  electrodes,  designed  around  a center  frequency  of  2.8  Gil*,  with  the  electrodes 
themselves  one  half  the  spacing  between  discontinuities,  l.c. , X^/8.  Tests  performed 
on  these  electrodes  in  air  and  in  CCI^  did  not  show  the  characteristic  insertion  loss 
peaks  previously  observed  nor  were  any  higher  order  harmonics  ever  measured. 

The  results  and  comparison  of  the  five  plate  electrode  to  the  single  plate  electrode  for 
Insertion  toss  ami  VSWR  as  a function  of  frequency  arc  discussed  in  Section  7.  How- 
ever, the  worst-case  insertion  loss  was  loss  than  .5  dB  and  the  worst  case  VSWR  is 
1.14:1  for  the  band  2. 7-2. 9 GHz,  for  CCI4  without  Al. 

Since  the  VSWR  can  be  related  to  |B| , then 


|Bi 


<3-13) 


which  corresponds  to  a |B|  of  - .1077  which  deviates  less  than  3.3^  from  the  Ideal 
case. 


3.4  INSERTION  LfifcS  VS.  PHASE  SHIFT 


To  obtain  a 3G0*  phase  shift  in  the  five  electrode  rcll,  the  permittivity  of  the  liquid 
must  change  In  an  amount  sufficient  to  Increase  the  number  of  guide  wavelengths  by 
one.  The  waveguide  wavelength,  Ag,  is  a function  of  permittivity  and  varies  as 


X = 

S 


X 

o 


/ 


c (E)  - f*  /2a) 
o 


(3-14) 


where  < (E)  is  the  permittivity  as  a function  of  the  a<n»l'.,<l  Held.  In  the  new  tell  con- 
figuration. it  is  found  that  a 360*  phase  shift  can  be  accomplished  by  a change  in 
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permittivity  of  - .5  (assuming  an  initial  • of  ^ 2.5).  However,  this  can  lead  to 
difficulty  in  meeting  the  matching  condition  from  last  section,  namely 

X 

I - -f  (3-15) 

which  is  also  dependent  on  Xg.  It  Is  evident  that  any  change  in  r causes  on  Increase  In 
the  mismatch  between  the  spaced  sections  of  each  of  the  electrodes.  In  this  case* 
a change  of  .5  leads  to  a change  of  *»  12%  In  Xg.  If  the  overall  length  of  the  phase 
shift  cell  Is  allowed  to  decrease,  the  necessary  change  in  t , and,  thus,  the  mismatch 
(Insertion  loss)  Is  increased  as  the  phase  Is  shifted. 

It  is  felt  that  this  problem  can  be  limited  to  about  . 2~.  3 dO  by  not  allowing  the  cell 
length  to  decrease  below  Us  present  length  of  44  cm  which  limits  the  necessary  per- 
mittivity change  to  *>.5.  Also,  the  electrode  design  can  he  modified  such  that  the 
matching  condition  (equation  15)  is  met  when  ill*-  phase  is  shilled  by  ISO*.  Therefore, 
as  bias  voltage  is  applied  and  the  permittivity  Is  changed,  the  mismatch  decreases  un- 
til Xg  meets  the  matching  condition.  As  further  bias  Is  applied,  the  mismatch  in- 
creases until  the  phase  is  shifted  360*  and  the  insertion  loss  Is  where  it  was  Initially 
as  shown  in  Figure  3-7. 


Figure  3-7.  Insertion  l/>sa  Change  as  a Function  of  Mismatch  Caused  by 

Changing  Permittivity 
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There  is  one  other  source  o(  Insertion  loss  ns  a function  of  phase  shift  — the  Impod- 
•nce  matching  wedges.  As  (hr  permittivity  of  the  dielectric  is  increased,  an  addition- 
al mismatch  between  the  impedance  matching  wedges  and  the  dielectric  occurs.  This 
loss  is  directly  related  to  the  change  in  permittivity.  Therefore,  as  the  phase  is  in- 
creased the  mismatch  and  resultant  losses  can  be  expressed  as 


Insertion  loss  » 


(3-16) 


where  <j,  rj  arc  the  permittivities  of  the  two  boundaries;  see  Flgu-**  3-8.  Presently, 
the  material  used  in  the  wedges  is  teflon  with  ( j ■ 2,  10.  Therefore,  as  the  phase  is 
shilled  the  increased  permittivity  results  in  increased  Insertion  loss.  With  the  pres- 
ent liquid,  as  the  permittivity  varies  from  2.3  In  3.0,  the  loss  Incrcnses  fi»m 
~ 0. 4 dB  to  *0.  *•  dB.  This  can  be  minimized,  however,  by  choosing  ®n  in  .'cibncc 
wedge  with  a dielectric  constant  «>f  approximately  2.73.  or  choosings  liquid  dielec- 
tric whose  permittivity  can  be  varied  between,  say,  1.8  and  2.4,  matched  at  2.1. 


3.5  ELECTRODE  FABRICATION* 

With  the  design  change  of  the  electrode  configuration  It  became  necessary  (to  change 
the  meth-ul  of  electron, • fabrication.  In  the  single  electrode  phase  shifter,  the  elec- 
trodes were  fcbriratcd  from  brass  (.010  in.)  or  aluminum  (.030  In.)  sheet.  These 
were  machined  to  the  proper  size  and  holes  raiuMmly  drilled  in  them  with  the  intent  ol 
flirr  enhancement.  A lead  wire  was  then  altach.d  to  the  electrode  and  a teflon  coating 
of  - 10  mil  applied.  Il  was  originally  (eared  that  insertion  loss  peaks  that  were  ob- 
served «cro  due  to  electrode  alignment  in  the  waveguide,  but  extensive  testing  to  this 
point  did  not  bear  out  this  hypothesis.  The  hole*  drilled  In  the  electrotie  did  show  ef- 
fects on  insertion  loss,  a*  diso.s»cd  in  Section  7. 


Figure  3-8.  Boundary  Itcgion  Iteiwetn  Phase  Shift 
Cell  and  Air-Filled  Waveguide 
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With  the  advent  of  the  five-plate,  spaced  electro«le  conflgurailon,  It  became  very 
obvious  that  a new  means  of  electrode  fabrication  was  necessary  to  hold  th-  electrodes 
accurately  in  place,  A new  material,  copper  clad  fiberglass,  was  employed.  The 
electrode  material  was  a layer  of  1.5  mil  copper  on  a ~ 31  mil  fiberglass  or  mylsr 
backboard.  A tape  mask,  blown  up  2 to  1.  la  laid  out  and  reduced  on  film  and  to  etch 
the  copper-clad  material.  Only  one  film  mask  is  needed  and  can  be  used  almost  In- 
definitely throughout  production.  With  this  method.  Identical  electrodes  wore  pro- 
duced at  an  extremely  low  cost  even  though  they  worn  made  In  a one-of-a-kind  fashion. 
Both  the  single  and  pentaplatc  electrodes  were  supported  by  thin  teflon  pistes  1/9  In. 
thickness)  with  narrow  grooves  machined  In  them. 
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4. 


PUMPING  SYSTEM 


4.1  GENERA  L DESIGN 


The  design  goals  of  the  S-band  phase  shifter  originally  included  fabri  at  ton  of  a liquid 
circulating  system  with  an  adequate  capacity  for  keeping  the  metal  particles  from  set- 
tling and  for  temperature  control  of  the  liquid  environment.  The  major  problem  of  the 
pumping  system  lies  in  scaling  from  K^-band  to  S-bnnd. 

Since  a successful  pumping  system  existed  at  Ky-hand  it  wits  felt  that  scaling  to 
8-band  would  bring  results.  Did  problems  became  evident  almost  Immediately.  The 
cross-section  increases  by  a factor  of  11.  but  the  volume  increases  by  a factor  of  600 
to  900  depending  on  which  size  8-band  system  was  in  use.  Thus,  to  turn  the  liquid 
over  at  the  same  rate  as  in  Ky  band,  a pump  with  this  Increased  volume  capacity  was 
necessary. 

The  original  flow  rate  attempted  was  at  a scaling  of  approximately  4 to  1.  The  results 
reflected  the  amount  of  thought  applied  to  the  problem  at  the  time.  Even  as  more  ef- 
fort was  expended  on  this  particular  problem  it  became  evident  that  the  flow  was  lim- 
ited by  the  design  o'  *hc  system  In  operation  at  Ky-b.ind,  Figure  4-1 . The  major 
areas  of  loss  seemed  tr>  lay  in  the  pressure  drop  of  the  debuhbling  reservoir,  the  1/4 
in.  teflon  lines  used  and  the  input  and  output  ports  of  the  phase  shift  celt.  The  capaci- 
ty of  the  pump  was  also  far  below-  what  scaling  would  imply.  However,  the 


Figure  4-1.  Flow  System  Schematic  for  Ky-Bnnd  Cell 


35 


Investigation*  of  the  effects  of  flow  on  permittivity  change  suggest  clearly  that  in- 
creasing the  flow  was  not  the  answer  to  the  pr<i>lc.n  of  settling.  Instead  an  increased 
effort  to  find  a new  more  stable  liquid  was  more  promising  than  any  conceivable 
pumping  scheme.  This  conclusion  was  forcefully  demonstrated  by  (he  tests  which 
showed  that  In  some  instances  pumping  decreased  the  attainable  phase  shift  by  more 
than  75*. 

4.2  PARTICLE  SETTLING  AMD  FLOW  BIREFRINGENCE  (MAXWELL  ZVTKCTi 

The  primary  reason  for  using  a pumping  system  to  circulate  the  liquid  dielectric  la  to 
prevent  the  metallic  particles  in  the  dispersion  medium  from  settling.  However,  as 
will  be  shown  here,  the  pumping  system  does  not  really  enhance  the  stability  of  the 
liquid  if  the  flow  within  the  phase  shift  cell  it  laminar.  Eakimizi^^  has  shown  that 
when  an  incompressible  fluid  In  a state  of  laminar  flow  between  two  stationary  solid 
plates  reaches  a fully  developed  state  it  has  a parabolic  velocity  profile  between  the 
plates  as  shown  In  Figure  4-2.  The  flow  between  plaice  is  described  by  the  Napler- 
Stofcce  differential  equation;  however,  the  only  terms  that  are  not  zero  are 


X ®£ 
p 6x 


<4-l> 


Figure  4-2.  Velocity  Profile  of  Liquid  Flow  Between  Two  Parallel  Plates 
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p « Hydro- static  praiiura 


f 


I 


p ■ Fluid  density 
¥ • Kinematic  viscosity 
■ • Fluid  velocity 

Solution  of  this  equation  yields  the  (oil owing  expression  for  the  fluid  velocity: 

•«-  W ['  -(*)*]  *-*> 

The  Important  thing  to  note  Is  that  the  velocity  Is  zero  at  the  walls.  Actually  one 
would  like  the  fluid  movement  at  the  *~alls  to  be  largest  t<  prevent  the  particles  from 
eettllng  and  coating.  Such  is  not  the  case.  Thus,  If  pumping  Is  to  prevent  settling, 
than  a strongly  turbulent  velocity  profile  is  required.  Comparison!12)  of  the  velocity 
profiles  for  ' miner  and  turbulent  flow  of  equal  mass  flow  rates  shows  that  the 
velocity  gradk  it  for  turbulent  flow  Is  much  greater  near  the  walls.  Because  the 
velocity  at  turbulent  flow  Is  much  more  uniform  between  plates  it  can  also  be  argued 
that  It  would  even  further  reduce  the  phase  shift  ss  compared  to  that  which  is  obtained 
for  laminar  flow  or  the  case  without  any  pumping. 

The  moat  adverse  effect  Incurred  by  the  use  of  a pumping  system  for  suspending 
particles  Is  that  of  flow  birefringence.  A viscous  liquid  constating  of  asymmetric 
particles  that  flow  In  such  a way  that  there  ia  a shearing  velocity  gradient  produce  a 
change  In  permittivity  because  of  partial  particle  alignment  In  the  force  field  of  liquid 
flow.  The  particles  tend  to  align  along  the  lines  of  flow  and  hence  reduce  the  obtain- 
able phase  shift.  Therefore,  a pumping  system  is  not  desired,  because  It: 

1)  Deduces  phase  shift  obtainable 

2)  Does  not  enhance  liquid  stability 

3)  Compiles  lea  phase  shifter  design 

U turns  out  that  several  other  approaches  lend  themselves  to  prevent  particle  settling. 
Among  those  are: 

e Density  matching  of  the  dispersing  medium  to  the  particles  (as  discussed 
In  Section  €) 

e Utilization  of  submlcro.i  size  particles,  because  Brownian  motion  keeps 
these  particles  in  suspension  (ss  discussed  in  Section  C) 

e Development  of  one-comporcnt  systems.  In  which  the  molecules  of  the 
liquid  themselves  are  polar 
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4.3  TEMPERATURE  CONTJftOL 


Among  the  many  reason*  quoted,  when  the  development  of  the  phase  shifter  began,  for 
the  use  of  a pumping  system  was  based  «n  insertion  loss  data  obtained  at  Ky-bond  of 
around  2-3  dB.  After  further  study  of  the  S-band  unit  and  changing  to  bettor  liquid 
dielectric  materials,  the  insertion  loss  was  reduced  to  less  than  0.  3 dB  and  thus  a 
pumping  system  would  only  be  useful  for  hlgh-powei  operation.  Assuming  an  average 
power  level  of  5 k'V  and  an  Insertion  lots  of  0. 3 dB,  then  about  10  > of  the  power  (or 
300  watts)  are  dissipated  in  tho  phase  shifter  sad  some  form  of  heat  removal  may  be 
necessary. 

Several  solutions  exist  for  heat  removal  from  the  phase  shifter.  The  first  la  to  attach 
a set  of  radiating  fins  to  the  phase  shifter  as  shown  in  Figure  4-3  and  as  commonly 
used  on  high  power  toads.  A second  approach  for  heat  removal  Is  a water  jacket 
around  the  phase  shlftor  cell,  with  an  external  heat  exchanger  attached  to  the  flow 
lines.  The  experimental  model  of  the  phase  shifter  cell  shown  in  the  Frontispiece  has 
such  a water  jackal. 

Further  study  may  in«tecd  show  that  no  active  arrangement  for  heat  removal  Is  neces- 
sary. * prerequisite  for  such  irtliw  is  a more  thorough  understanding  of  the 

properties  of  the  liquid  at  higher  temperatures. 


Figure  4-3.  Phase  Shifter  Cell  with  Cooling  Fins 
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5. 


MATERIALS  AND  MATERIAL  PROPERTIES 


A*  noted  in  Section  2,  the  artificial  dielectric*  needed  for  good  phase  shifting  ability 
must  be  composed  of  components  with  several  desirable  properties..  The  search  for 
one-component  systems  emails  the  discovery  of  materials  which  Imitate  the  artificial 
dielectric  behavior  on  a microscopic  or  molecular  scale,  and,  in  general,  one- 
component  systems  must  satisfy  similar  requirements.  In  addition,  the  projected  use 
of  these  materials  tn  devices  requires  that  the  liquid  dielectrics  have  certain  desirable 
mechanical  and  ebemi  .it  stability  properties.  Thus,  the  materials  point  of  view,  as 
•Expressed  In  this  chapter,  is  particularly  important  for  understanding  the  possibilities 
of  liquid  phase rs  and  the  necessary  work  to  be  done  In  the  future. 

First  the  mechanical  and  chemical  properties  which  arc  required  independent  of  phase 
shifting  ability  will  be  examined  and  then  the  properties  applicable  specifically  to  the 
action  of  the  material  in  a phaser  will  be  examined.  These  first  discussions  will  be 
general  in  nature.  The  sections  following  will  cover  specific  systems  studied  in  this 
contract  in  a comprohw  iive  way,  system  by  system. 

5, 1 GENERAL  CONSIDERATIONS  OF  MECHANICAL  AND  CHEMICAL  STABILITY 

The  materials  used  ought  to  have  such  obvious  properties  as  being  non-corrosive, 
non- volatile,  non-flammable,  and  non-toxic.  These  properties  arc,  however,  sec- 
ondary properties  which  are  optimized  once  a workable  system  is  realized.  The 
primary  properties  needed  for  liquid  dielectrics  from  a materials  slnmifioinl  arc 
discussed  here. 

A wide  liquid  phase  range  in  the  order  of  -40  to  |0C*C  is  desirable.  Alt  tough  gel 
systems  are  being  contemplated  for  study  in  the  future  which  arc  not  liquid,  the 
present  systems  require  liquidity  for  function  so  that  Brownian  motion  can  reorient 
the  particles  for  resettability. 

Ability  to  disperse  solid  particles  is  a necessary  property  for  the  medium  of  support. 
The  solution  to  problem*  of  deficiency  in  this  property  can  be  obtained  b;  several  means 
since  ability  to  disperse  is  u complex  projwrly  of  substances.  For  instance,.  Buschcr 
(1972)*“*  ha*  found  previously  that  benzene,  even  with  surfactants,  is  a very  poor 
dispersing  medium.  This  property  is  probabi;  related  to  its  low  polarizability. 

Other  low  molecular  weight  hydrocarbons  in  general  may  be  expected  to  have  this 
problem.  The  observed  facility  ol  carbon  tetrachloride  as  a dispersing  medium  Is 
roltSel  to  its  large  polarizability  and  accounts  In  large  measure  for  its  present  use 
a#  a sujiport  vehicle.  Surfactants  can  improve  the  dispersing  power  of  a medium  by 
forming  links  from  the  medium  which  lends  to  reject  particles  lo  the  boundary  of  the 
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p'lrticli1,  In  our  magnesium  svslsmn  the  stability  of  the  su.-sp'-nMon  against  flocculation 
has  been  greatly  enhanced  by  the  use  of  non- Ionic,  non~pol.tr  surf  act  mis,.  IMsper- 
sibiilty  of  |>.h-«(cIi>h  can  .»!■*«>  be  tmpr  nol  by  coating  the  part  idea  mechanically  or 

chemically  before  dispersing  them.  The  very  favorable  dispersing  characteristic  1 of 
aluminum  flake  pigments  Is  due  to  the  chemically  Itouml  layer  of  stearic  acid  to  *he 
surface  of  the  part  ides.  This  layer  is  essentially  a bond  rd  built-in  surfactant  layer 
on  the  particle.  Future  solutions  to  dim  pc  ruing  problems  will  be  sought  along  these 
lines.  Aa  will  be  discussed  in  >>ur  system  analysis  sections  we  fed  that  a good  handle 
has  been  obtained  for  controlling  the  dispersing  of  metal  particles. 

As  discussed  In  Section  J,  sire  and  ahiqw  of  the  p "rt teles  is  a transcendent  problem  for 
the  design  of  effective  phase  shift  liquids.  To  the  present  lime  we  have  relied  on  the 
commercially  manufactured  materials  while  the  important  factors  were  being  evaluated. 
As  Figure  5?  - 1 1 shows,  the  small  size  distribution  region  has  hardly  been  touched. 

In  the  future,  more  advanced  techniques  of  smalt  particle  reduction  must  be  used. 

These  methods  should  include  sieving,  liquid  find  gas  elutrlalion,  and  flame  spraying. 

IVy  gas  dot  r l at  Ion  is  meant  the  process  of  separating  particles  using  an  upward  blowing 
air  stream  as  the  sedimentation  medium.  The  flume  spraying  technique  ean  only  be 
used  for  those  materials  which  do  not  burn.  Submicron  metal  particles  which  are 
products!  by  atomization  or  precipitation  techniques  may  tend  to  be  spheroidal,  in  which 
ease  subsequent  comminution  m„y  be  necessary  to  flatten  the  particles  for  optimizing 
the  shape  factor  Q. 

Chemical  stability  us  a criterion  Is  important  for  several  reasons.  The  materials 
themselves  must  not  decompose  due  either  to  chemical  processes  or  irradiation  by 
microwaves,  Chemical  processes  such  as  ovldntlnn  can  be  controlled  by  several 
means.  For  instance,  In  the  aluminum  or  magneslt.m  particle  systems,  surface 
coatings  ol  oxide  and  surfactants  protect  the  inet.nl  against  oxidation.  The  dispersing 
medium  can  also  bo  protected  against  decomposition  by  tnt "induction  of  chemical 
stabilizers.  The  carbon  tetrachloride  and  carbon  tetrabromlde  systems  can  be  pro- 
tected against  decomposition  by  adding,  tree  radical  scavengers  such  as  1,  -0  hexane 
diamjne  (Milliard  et  al.  lfhVJjl*.  Such  additives  also  help  prevent  the  attack  of  the 
ceiS  v alls  by  the  suspension  medium.  The  problem  of  microwave  irrudutlon  stability 
is  fortunately  a simple  one  to  solve,  since  the  primary  effect  of  microwave  radiation 
on  subatonccs  Is  heating  'hie  to  dipole  absorption  process.  Since  dijKtlar  substance* 
must  be  rigorously  excluded  to  avoid  large  insertion  losses  due  to  absorption,  this 
problem  is  taken  care  of  automatically. 

An  Important  point  concerns  the  necessity  of  getting  rid  of  all  traces  of  water  lit  the 
liquid  media.  This  requirement  extends  also  to  the  liquid  crystal  systems,  lids 
problem  can  only  be  solved  by  taking  great  care  in  the  procurement  and  preparation 
of  the  liquid  systems. 
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Another  difficulty  can  arise  from  the  presence  of  small  amounts  of  ionic  material*  in 
the  various  comjiounds.  These  ionic  materials  can  cause  losser  in  the  efficiency  of 
the  bias  field  in  producing  polarisation  in  the  liquid  phaser  3»e4tu*--  Again  care  in 
purification  of  the  systems  can  take  care  of  a majority  of  the  problem. 

5 . 2 CEXEftAL  CONSIDERATIONS  OF  PHASE  SHIFTING  REQUIREMENTS 

Section  2 discusses  in  a theoretical  say  the  requirement*  for  good  phase  shifting  liquid 
systems  which  are  composed  of  metal  particles  suspended  in  liquid*.  The  general 
requirements  which  aftply  also  to  other  systems  such  as  ferroelectric  fluids  and  liquid 
crystal**  are  ersily  abstracted  from  the  theory.  For  good  phase  shifting  ability  large, 
highly  asymmetric  molecules  or  particles  with  large  polarizabilities  are  required. 

The  particles  can  also  have  a largo,  intrinsic  permanent  dif»olc  moment  If  it  is 
directed  along  the  longest  axes  of  ihe  molecule.  Permam.nl  dipole  moment  components 
directed  along  short  axes  of  the  molecule  will  enable  dipole  absorption  to  take  place  in 
the  microwave  tegion.  Ihe  solvating  medium  if  present  must  be  non  -polar  or  dipole 
absorption  process  will  take  plan*.  The  two  requirements  Just  mentioned  preclude, 
unfortunately,  the  use  of  large  protein  molecules  with  huge  dipole  moments  because 
high  dielectric  constant  solvents  are  necessary  to  dissolve  them  in  a wvy  to  get  max- 
imum Kerr  effect.  Such  hipfc  dielectric  constant  solvents  always  have  large  dipole 
moments.  A case  In  point  is  the*  observation  that  poly  benryM  -glulamide,  PD  LG, 
has  a high  optical  Kerr  constant  when  dissolved  »n  ethylene  dichloridc  Inil  a low  optica! 
Kerr  constant  when  dissolved  in  dichloroacctic  acid  I®.  The  general  cot  elusion  can 
be  made  that  high  dij>olc  moment  structures  are  stabilized  by  high  dielectric  constant 
media  wi?h  large  dipole  moment. 

5.3  METAL  PAH  HIT  LATE  SYSTEMS 

5.3.5  SOURCE  OF  PHASE  SHI  IT  CHARACTERISTICS 

The  source  of  (Ik*  phase  shift  characteristic  is  the  macroscopic  orientation  of  disc- 
like pxrticb  s nf  dimension  -1-10/  by  an  appl'ed  electric  field.  The  orientation  Is 
ppcvkiccd  by  dipole  induction  torques.  Relaxation  is  caused  by  Brownian  motion  in 
the  fluid. 

5.  3.  7 CURRENT  CAPABILITIES 

The  S-P.nnd  capal>tlities  of  metal  particulate  systems  arc  listed  in  Tabic  5-1.  It 
may  lie  noted  that  the  Idyr  CCS  j:C Rr  j system  is  stable  enough  for  applications  which 
do  not  require  fast  rc«jxmse  times. 
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Tabic  5-1.  Metal  Partlc«ilatu  System  Capabilities  at  S-Band 


System 

At:CCl4 

Mg:CCI.|iCnr4 

T«>«al  Phase  Shift 
(Low  Power  Tests) 

0-  360° /0- 200V 

o-iooVo-soov 

I. coding  Density 

10  mg/cm® 

10  mg/cm3 

Low  Field  Strength 
Response  Time 
(<  200 V/ cm) 

5 sec 

5 sec 

Re  suitability 

5*  6 360* 

Insertion  Loss 

O.S  dB 

0, 7 dB  (with  TergUol) 

Tempo  nature  Coefficient 

1.57*C  (|  3«0# 

Dielectric  Cons  taut 

2.5  U 100  Itc 

Power  level 

1 MM’  peak;  1 kW  avg 

1 MW  peak:  1 kW  avg 

0.3.3  SYSTEM  DESCRIPTION 

Two  metal  particulate  systems  which  have  been  studied: 

1.  Al:CCt^(  aluminum  flakes  l-l.<te  suspended  in  Cd.»  no  flocculation, 
settling  time  10-15  min 

2.  Mg:CCI.:CBrj,  magnesium  particles  ~10-2C^  suspended  in  mixture  of 
CCi4  4 CBr^  with  density  of  l."9  ^m/cm3.  TergUol  prevents  flocculation; 
settling  time  •». 

5.3.  t METHOD  OF  MANUFACTURE 

Industrially  available  metal  |»vdcr»  were  taken  and  *?u«pcndcd  by  agitation  in  die  fluid 
medium:  see  Table  5-2.  For  any  pastes  used. the  physical  cleaning  of  the  stearic  acid 
binder  was  performed  by  dissolving  the  panic  binder  in  some  organic  solvent  (CCL|, 
CII„CU,  (Cll  ji^CO).  Then  the  resultant  powder  was  suspended  in  the  fluid.  TergUol 
v.  ..s  added  to  the  magnesium  systems,  the  surfactant  was  bound  to  the  particles  by 
boiling  the  liquid  mixture  under  reduced  pressure  in  a warm  water  bath. 

The  carbon  tetrabnomldc  commercially  obtained  was  o<  technical  grade  and  quite 
impure.  This  compound  was  purified  by  recrystnlh/ing  from  ether  several  times. 

O.tce  pure  CRr4  was  obtained  the  rotation*  with  CCIj  and  mixture.,  wsth  Mg  were 
stublc  in  the  dark.  When  traces  of  moisture  were  present  some  dcbromlnation  occurred 
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Tabic  5-2,  Currently  Used  Met, 'll  Particle# 


Metal 

Name 

Manufacturer 

Solvent  Density,  gm/cc 

Al 

XD-40 

Reynolds 

1.6  CCI4 

At 

”, AA " 

Sllberlinc 

1.6CCt4 

hlg 

RMC-325 

Readc 

1.8CCi4-CRr4 

In  the  presence  of  light.  Rigorous  exclusion  of  water  prevented  this  problem.  The 
density  range  available  from  1U*-40*C  with  CCI4-CBr.|  mixtures  were  found  to  be 
1.6-2. 1 gm/cm3. 

Ptotolem  Areas 

The  aluminum  systems  are  not  stable  for  more  than  15  minutes  because  of  the  high 
density  of  the  particles  with  respect  to  the  (Aspersing  solvent  (Ai,  p*2.7l  gm/cc  and 
CCI^  p*  1.59).  Wc  arc  not  able  at  present  to  mamdactuic  a density  matched  medium 
unless  the  temperature  of  operation  of  the,  t ell  is  above  40*C.  As  a result  of  settling 
pumping  must  tjc  used  to  keep  the  particles  suspended.  However,  efficient  pumping 
usually  results  up  to  a 90-95  * decrease  in  the  phase  shift  ability.  The  magnesium  sys- 
tems are  stable  to  settling,  and  t$ie  fiocewSat^-iJ  problem  can  be  cured  by  binding  a 
surfactant  as  mentioned  previously.  The  problem  with  current  Mg  systems  Is  that  they 
•bom-  a phase  »W.ft  ability  of  50  " of  the  Al  systems. 

Because  the  aluminum  particles  tend  to  ,fp.iint"‘  or  coat  the  interior  of  the  waveguide 
there  is  a tendency  for  breakdown  to  occur.  This  does  noc  seem  to  be  a problem  in  the 
magnesium  system. 

5,3.5  PROSPECTS 

Unless  a density  matched  l if  pud  is  found  for  the  Al  systems  these  systems  do  not  seek: 
tc  have  a bright  future.  However,  if  a lugtfwad  of  pro  .icing  and  handling  particles  in 
the  order  of  0.01-0, 0.jp  can  be  founts,  then  the  systems  would  be  feasible.  Aluminum 
ha*  the  useful  property  that  ft  easily  forms  highly  assymoiric  flakes  which  have 
excellent  phase  shift  characteristics.  If  jiossiiblc  this  projwrty  ought  to  be  used.  T1»e 
same  considerations  nj»pl\  to  the  magnesium  systems.  In  addition,  submicron  metal 
particles  improve  several  other  area*  too.  For  instance.  the  necessity  of  using 
CCT4  and  Cl  hr  4 as  dispersing  media  con  t>e  eliminated  and  such  inert  and  non-toxic 
materials  as  fluorocarbons  can  i*?  used  as  dispersing  media  when  the  fiartiele  size  is 
on  live  onSor  of  O.Olp  . Also  the  elimination  of  CCl.j  ami  CBr  4 means  that  other  metals, 
perhaps  of  kttcr  flnkcability,  can  i>e  used. 
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The  use  of  other  solvents  may  well  eliminate  the  problem  nf  aluminum  painting. 

Smaller  particle  size  of  course,  means  that  the  goal  of  microsecond  set  and  preset 
times  can  be  obtained  with  low  applied  bias  voltage. 

5.4  LIQUID  CRYSTAL  SYSTEMS 

5.4.1  SOURl  OF  POSSIBLE  PHASE  SHUT  CHARACTERISTIC 

Phase  shift  in  attained  in  these  systems  by  electric  Held  or  magnetic  Reid  induced  ani- 
sotropy of  the  dielectric  constant  due  to  the  reorientation  of  structural  domains  In  tho 
bulk  liquid.  The  reorientation  can  be  achieved  by  dipole  induction  of  the  domains  or 
dipole  orientation  of  the  domains. 

5.4.2  CURRENT  CAPABILITIES  AND  RESULTS 

So  far  In  the  systems  studied  no  detectable  phase  shift  has  been  observed.  Tbe  systems 
studied  fall  into  several  categories  as  shown  In  Table  5-3. 

5. 4. 3 PROBLEM  AREAS  AND  PROSPECTS 

There  arc  several  problem  areas  in  the  current  liquid  crystal  research  program.  The 
first  area  Is  due  to  the  microwave  absorption  by  many  liquid  crystals.  Those  molecules 
with  off  axis  dipoles  tend  to  absorb  in  the  micronave.  The  next  problem  is  obtaining 
liquid  crystal  systems  which  have  their  nematic  or  cholesteric  phase  region  over  a 
convenient  range  of  temperature,  including  the  range  of  15-49*C,  This  problem 
seems  related  empirically  to  the  first.  In  that  tho  available  low  temperature  sys- 
tems seem  to  require  an  off  axis  dipole  moment.  This  is  probably  related  to  the 
fact  that  low  temperature  ranges  are  facilitated  by  bulky  off  axis  groups  which 
often  have  dipole  moments.  Tho  prospects  for  these  systems  seem  fair  and  depend 
on  the  availability  of  new  liquid  crystal  systems.  The  sysL  ms  which  have  been  tested 
were  primarily  solution  systems  because  the  substances  themselves  all  had  high 
melting  temperatures.  New  liquid  crystals  are  now  becoming  available  which 
should  enable  more  investigation  to  take  place. 

Ote  other  possible  problem  area  is  that  orientation  due  to  electric  fields  seems  to 
require  a field  intensity  of  -10000  v/cm  which  is  a fairly  large  bias  for  electrode 
s pacings  of  1 cm.  So  far  pulse  cxixcriments  wit  t the  cholesteric  systems  have  not 
yielded  positive  results,  because  the  duty  cycle  of  the  pulse  unit  (-25^$  is  not  enough. 

We  have  continued  the  search  for  appropriate  component*  that  have  no  off  axis  dipole 
moment  and  arc  liquid  in  a reasonable  range.  This  requirement  may  well  be  obtained 
by  usin"  mixtures  of  liquid  crystals  especially  choh  itcric-ncmatic  mixtures  which 
scent  to  have  low  nematic  phase  ranges.  Meier  xnd  Saupe1 7 have  established  that  the 
microwave  dielectric  constant  can  be  significantly  changed  by  magnetic  fields  in  p-p’ 
azoxyanisolc. 
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Table  5-3,  Liquid  Crystal  Systems 


Solvent 

Insert ioa  Losb/19  cm 
G Ku-Band 

A.  SOLUTIONS  OK  NEMATIC  CRYSTALS 

10%  N-p~  met  boxy  bcnzylidcne 
p-bulyl  aniline 

C.ll 
6 12 

20  dB 

12%  |>-p  aroxy  diphcnctoic 

ca 

4 

0 dB 

12%  |#-p  (ethoxy  phenyl  azo) 
phenyl  ualerate 

ca4 

4 dB 

11%  butyl  iMp-ethoxy  pbenoxy- 
carbonyl  phenyl  carbonate) 

ca4 

3.2  dB 

B.  SOLUTIONS  OF  CHOLESTIUC 
CRYSTALS 

17%  Cboletderyi  2-ethyl  hexonoate 

ca4 

1. 5 dB 

C.  NEAT  NEMATIC  CRYSTALS 

N-pmethoxy  hen/ylidem* 
p-butyl  aniline 

— 

>40  dB 

D.  NEAT  CHOLESTERIC  CRYSTALS 

Eastman  9221  lr-»  Cholesteric 
Mixture 

— 

20  dB 

5. 5 FKRHQ-FI  U DJ5WTKJBL 

5.5.  i source  or  phase  shifting  characteristics 

Sub  micron  particles  with  cither  permanent  electric  or  magnetic  moments  are  oriented 
by  cither  electric  or  magnetic  bias  fields.  If  the  particles  arc  asymmetrical  or  l.m** 
anisotropic  princisul  poian/abiliuc*  then  I Ik*  bull;  mewtium  should  exhibi:  ank'»tr«vv 
of  the  propagating  \eiocltv,  \ Fluids  made  up  of  ferroelectric  p.«ii:e,ys 

utKii^i  be  called  (■  t i >cleclrie  fluids,  while  these  made  up  of  ferromagnetic  particles 
*ould  be  called  ferromagnetic  fluids. 
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5.5.2  PROSPECTS 


Fcrrofluidic  Corporation  has  tie monst rated  the  feasibility  of  manufacturing  ferro- 
magnetic flu  I da.  We  have  tested  a sample  of  their  material  IIOl  in  the  Ku-bnod  cell 
which  had  1000  amp  turns  over  19  cm.  A phase  shift  of  ~)50"  was  observed,  demon- 
strating the  feasibility  of  this  material  as  a phase  shift  substu  .«  u.  Ferroelectric 
fluids  constructed  from  ferroelectric  particles  such  as  Uta nates  should  exhibit  similar 
characteristics  under  orienting  electric  fields.  Such  systems  should  be  stable 
suspensions  in  inert,  non-toxic  per  fluorocarbon  bases  with  rapid  set  and  reset  times. 
These  systems  should  have  s bright  future. 

5.6  PROTUX  SOLUTION  SYSTEMS 

5. 6. 1 SOURCE  OF  PHASE  SHIFTING  CHARACTERISTICS 

Severs!  well  known  proteins  have  very  large  dipole  moments  and  are  quite  anisot- 
ropic, Protein  systems  have  been  r.  valuable  area  for  research  in  optical 

Kerr  effect  studies.  The  phase  shift  ability  arises  from  two  sources.  These  proteins 
have  large  permanent  moments  which  cun  be  oriented  by  a bias  field.  If  the  particles 
are  asymmetric  they  will  present  variable  optical  thicknesses  to  the  transmitted  beam. 
In  addition,  these  molecule*  are  relatively  polarizable  so  that  (he  induced  moments 
can  be  oriented  by  the  field,  (O'Konski,  1972)1*. 

5.6.2  PROSPECTS 

As  mentioned  in  5-2,  protein  molecules  with  large  dip.de  moments  require  high 
dielectric  constant  solvents  to  stabilize  them  for  large  Kerr  effects.  Unfortunately, 
these  solvents  absorb  strongly  in  the  microwave  region  because  they'  have  dipole 
moments.  As  a check  we  have  examined  at  Ku-bnnd  the  insertion  losses  of  several 
high  dielectric  constant  solvents  which  are  found  in  Table  5-1.  None  of  these 
solvents  had  transmission  at  Ku-bnnd  as  predicted.  In  Table  5-5  arc  some  literature 
values  for  the  loss  tangent  at  10  Gllz  for  some  solvents.  Table  5-6  lists  several 
proposed  systems  of  proteins  and  solvents  which  on  the  basis  of  the  known  absorptions 
of  the  solvent  must  be  rejected  as  possible  phase  shift  systems. 
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Tabic  5-4.  Measured  Insertion  I -oases  for  Some  Solvents  at  Ku-Band 


Solvent 

Insertion  Loss 

Dielectric  Constant 

Dichloro  methane 

20  dB/19  cm 

9.1 

1,  2 Dichloro  ethylene 

26  dB/19  cm 

9.2 

1,  1.  1 Trichloroethylene 

22  dB/19  cm 

3.4 

1,  1,  2.  2 Tetra  bromo 
ethylene 

30  dB/19  cm 

7.0 

L 

L *A.  Von  llififsol,  "Dielectric  Materials  and  Applications”,  Wiley  N.Y. , S.  Y.  (1954) 


Table  3-6.  Some  Proposed  Phase  Shifting  Protein  Systems 


Protein 

Solvent 

1. 

Carboxy  Ili-nun:!  iHn 

Waier 

2. 

Edistin 

Watc  r 

3. 

Glinbirt 

Water 

4. 

Gamma  Svrxim  Pseud*  Globin 

VVator 

5. 

Zoin 

Water  ♦ Propanal 

6. 

Zoin 

Water  * Ethanol 

7. 

B-Lactr>(’lobulin 

Glycine  (melting  point  262,C) 

8. 

B-Lactoulobultn 

Water  ♦ Glycine 
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Table  5*5,  Loss  Tangents  for  Some  Solvents  at  10  Gllr* 


Solvent 

Tan  6 

1 

Water 

5400  x 10* 

Ethanol 

680 

Propanol 

900 

PERMITTIVITY  TESTS 


$.1  DIELECTRIC  TEST  CELL 


One  of  the  major  problems  encountered  working  with  the  liquid  phase  shifter  was 
evaluation  of  the  artificial  liquid  dielectric  constant.  Batch  preparation  was  a long, 
tedious  operation  and  no  simple  method  existed  to  study  the  preparation.  Eventually 
s test  procedure  wi*s  developed  to  evaluate  some  of  the  dielectric  properties  In  a 
more  easily  controlled  environment  by  using  a capacitance  test  cell  to  observe  directly 
any  changes  in  the  dielectric  constant.  The  capacitance  of  a test  cell  in  a dielectric 
can  be  described  by  the  relationship: 


C - € <E)C  <*~1) 

r o 

where  Ce  is  the  capacitance  when  cr  » 1 (in  air),  and  Is  the  dielectric  constant 
as  a function  of  the  applied  field  strength.  With  this  test  cell  it  was  possible  to  observe 
directly  the  effects  of  flow.  ac.  and  dr  applied  fields,  concentration  and  particle  size 
on  the  permittivity  and  the  ability  of  the  permittivity  to  change. 

6.2  CELL  CONSTRUCTION*  AND  TEST  SI'.T  I P 

A number  of  test  cells  were  constructed  to  investigate  various  properties  of  the  liquid 
dielectric.  All  had  plate  areas  of  approximately  2'>cni2  and  the  separation  of  electrodes 
was  1cm.  The  electrodes  were  fabricated  from  the  copjH'r-clad  material.  A number 
of  configurations  were  employed,  depending  on  the  parameter  then  under  study. 
Capacitance  was  measured  as  shown  in  Figure  6-1.  The  major  difficulty  encountered 
using  this  particular  capacitance  bridge  was  that  ae  fields  could  not  be  directly  used 
and  only  dc  measurements  were  made. 

6 . 3 PKRMTm \H  V VS.  CONCENTRATION 

One  of  the  Initial  drawbacks  in  determining  hnfch-to-batch  reproducibility  of  the 
Al-CCi^  liquid  dielectric  was  that  no  means  existed  of  non'ctostrurttuely  determining 
the  concentrations  of  the  lbjulds.  While  it  is  difficult  to  determine  a priori  what  the 
behavior  of  a particular  conducting  paste  will  be  without  some  idea  as  to  the  number 
densities  and  particle  distribution,  some  indications  can  be  anticipated.  Assuming 
no  interactions  between  dipoles  within  the  dielectric,  which  would  seem  a reasonable 
assumption  up  to  moderate  densities,  the  addition  of  more  conductors  to  * liquid 
dielectric  shoutd  be  a linear  function;  that,  is  the  change  in  dielectric  constant  Ac* 
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Figure  6-1.  Capacitance  Test  Cell  to  Measure  Permittivity 
With  Changes  in  Applied  Voltage 

should  approximatvly  double  with  ndditlo.i  of  twice  ns  many  particles  to  a solution. 
These  assumptions  agree  very  well  nitti  experimental  data.  Plots  of  dielectric 
constants  vs.  allied  electric  field  were  made  on  the  capacitance  test  cell  for  vartoua 
concentrations  of  aluminum  using  a non-insulating  electrode  and  a dc  applied  field, 
f igure  6-2.  were  used  as  a itlard  to  ealibrate  unknown  samples.  Comparison 
with  magnesium  is  shown  in  Figure  6-3. 

For  the  S-band  cell.  It  has  been  calculated  that  a change  of  f of  . .*>  uas  necessary 
ior  .‘>60*  phase  shift.  One  can  see  that  at  lower  densities  ( < 1M  mgm/cc)  this  would 
only  Ire  possible  by  going  to  larger  field  strengths  (that  Is.  > -100  volls/em).  However, 
going  to  larger  fields  It  no  guarantee  of  more  permittivity  change,  us  saturation 
may  \>c  reached. 

The  reason  these  curves  were  not  expanded  to  higher  densities  Is  due  to  increased 
settling  of  the  aluminum,  and  increased  difficulty  in  measurements. 

•i . t LONG  TERM  D.C.  VOLT  AGE  EFFECTS 

At  higher  densities  ( >20  mg/cc)  a peculiar  effect  is  observed  with  Silbcritnc  "AA” 
in  the  test  cell;  see  Figure  6-4.  There  is  a large  increase  in  the  capacitance  ( r r) 
followed  by  an  abrupt  decrease.  This  csfect  ’become®  more  pronounced  .at  higher 
(tensities  and  only  seems  to  .»|ipear  In  the*  ease  of  a dc  field.  It  was  first  felt  that 
{ids  effect  might  bo  caused  by  -.-horting  between  the  nom-irtsuJatcd  electrode,  but  no 
current  was  observed.  What  may  be  responsible  is  that  as  the  dor-ity  increase*, 
the  lnter[>artlelc  distance  decrease®  and  that  dipole-dipole  interactions  between 
particles  occurs.  As  the  bias  field  is  applied,  the  particles  initially  align,  then  the 
dipole-dipole  into:  mlton*  set  in.  This  results  in  a dcalicnment  until  the  particles 
find  themselves  in  a more  favorable  energy  state.  Possibly  this  demonstrates 
inertial  effects  in  orientation. 
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C-riELD  < VDLT/CM  > 

Figure  $-2,  Change  in  Permittivity  (or  Various  Particle  Loading 


c:  v li  t i-  < vni  > 


Figure  6-3.  Change  in  Permittivity  for  T»t>  Particle  leading  Densities 
of  Magnesium  Powder.  Heade  323- X 


7. 


LOW  POWER  TESTING 


A scries  at  testa  was  run  to  prepare  comprehensive  dels  curves  indicating  microwave 
performance  characteristics  at  the  liquid  phase  shifter.  These  teste,  schematics  of 
test  set  ups,  results,  comparison  to  theory,  and  interpretations  are  organized  hero. 

7.1  INSERTION  LOSS,  ELECTRODE  PEflON 

A number  of  testa  were  performed  on  the  phase  shift  cell  employing  different  electrode 
configurations  to  examine  cell  loss  characteristics.  Figure  7-1.  initially,  the  S-band 
phase  shift  cell  employed  a single  electrode  design,  as  did  the  Ky-band  cell.  To  In- 
sure homogeneity  of  the  liquid  dielectric  material,  holes  were  drilled  through  the 
electrode  at  randomly  chosen  posttkme.  1 sms  observed  that  the  hole  size  affected 
the  insertion  loss.  The  results  for  a single  electrode  phase  shift  cell  with  various 
hole  sizes  employing  a CCt^  dielectric  (rr*2. 17)  Is  shown  In  Figure  7-2.  For  com- 
parison purposes  an  insertion  toss  measure  meat  at  the  phue  shift  cell  filled  with 
carbon  tetrachloride  but  without  the  electrode  and  electrode  supports  waa  made,  aas 
Figure  7-3.  For  this  and  all  other  measurement  the  teflon  impedance  matching  wedfces 
are  in  place.  The  average  insertion  lose  over  the  band  from  2.7  to  t.t  GHz  la  0.12  dfi. 
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Figure  7-1. 


Insertion  Loss  Test  Setup 
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EMPTY  CCLL-CCLM 


Figure  7-3.  Insertion  loss  vs.  Fr*qi>er>cv  for  Phase  Shift  Oil 
Without  Electrode  and  Wind  with  Carbon  Tetrachloride 

The  trend  seems  to  he  that  the  larger  the  hole  star.  the  smaller  the  insertion  loss 
peaks.  Each  single  electrode  examined  was  exactly  the  same  length  aid  had  the  same 
number  and  placement  o#  holes  (except  for  their  diameter).  The  Insertion  loss  peak 
phenomenon  was  investigated  extensively  and  can  be  explained  as  heirs;  caused  by  higher 
order  evanescent  modes.  Initiated  ad  the  electrode  edfee.  (Further  account  of  this  Is 
given  in  Section  3.)  Tire  pentapi:.!r  was  designed  because  it  is  desirable  to  work  with 
the  lowest  possible  phase  shifh  "’  control  voltage.  The  insertion  Ices  for  the  penta- 
plate  configuration  wan  measured  .'or  the  cell  filled  with  CO4  (cr  * 2.  17.  Figure  7-4) 
and  Al-CO^  (*  r ' f igure  7 -.51  over  the  band  from  '2.7  to  X.i<  OIU.  Comparison 

of  the  pentaplate  and  single  electrode  configurations  shows  no  Insertion  loss  peaks, 
which  would  indicate  no  lossy  evanescent  modes  (no  higher  order  modes  were  ever 
measured). 
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Examination  of  the  data  from  the  pt**e  shift  eel!  filled  with  Al-CCl^  shows  that  it  it 
somewhat  more  lossy  than  the  pure  dielectric  cate.  The  increased  losses  in  the 
Ai  - CQ4  iystem  can  be  explained  by; 

1.  Mismatch  b •’tween  impedance  vetoes  («  r . i)  sod  the  AI-CCI4  artlflctsi 

dielectric  liquid  jSt-  see  Section  3 

2.  The  matching  condition  (equation  J-IT)  was  not  being  met  exactly,  spacing 
between  the  discontinuities  of  the  electrode,  which  is  dependent  on  tr, 
was  not  exact  for  this  particular  liquid 

3.  Losses  due  to  the  presence  of  the  aluminum  conductor. 

7.2  VSWR.  ELECTROOE  DE3GN 


As  ir  the  case  at  the  insertion  loss,  the  VSWft,  as  shown  in  Figure  7-6,  was  investi- 
gated for  both  single  and  pen  tap1  ate  electrode  configurations.  Results  are  shown  in 
Figure  7-7,  and  7-9.  The  measured  VSWR  data  for  the  pentaplate  electrode,  Figure 
7-f»,  compare  favorably  with  those  of  the  single  electrode. 
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Figure  7-6.  VSWR  Test  Setup 
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7.3  PHASE  SHIFT  VS,  CONTROL  VOLTAGE 

A significant  portion  of  the  effort  spent  on  the  phase  shifter  has  been  devoted  to  thin 
facet  of  the  investigation  using  the  setup  shown  in  Figure  7-10.  Deamination*  were 
made  not  only  with  different  electrode  configurations  but  also  with  dtffenat  material#. 

7.3.1  ELECTRODE  CONFIGURATION 

In  Section  3,  a discussion  and  comparison  of  the  single  and  pentaplate  electrode  con- 
figurations was  given.  Test  results  are  given  in  Figure  7-11.  The  single  electrode 
data  la  for  a 58  etn  electrode  using  an  AI-CQ4  artificial  dielectric.  The  pentaplate 
data  was  taken  using  the  same  artificial  dielectric,  however,  the  electrode  was  only 
44  cm  long.  Thus,  the  really  important  difference  between  the  two  configurations  is 
efficiency  of  the  electrode*,  that  is,  the  phase- shift -pur-unit -length  of  the  two 
configurations,  shown  in  Figure  3-4.  Because  of  this  larger  phase-shift -per-uaP- 
length  of  the  pentaplate  electrode  cod Igu r*. icc , not  to  mention  the  lower  insertion 
loss  and  VSWR,  it  was  the  preferred  configuration  and  employed  in  all  subsequent 
testing. 


SS 


Figure  7-8.  VSWR  vs.  Frequency  for  Sii^le  Fleet  rode  phase 
Shifter  for  Various  Hole  Sizes 


PWRSC  RH  I PT(Benree*)  PHRSC  »M  i rTlDagrae*) 


Q Single  Plate  Electrode,  58  cm 

■»  »»■*«(  IMCiteM 


9 Peotaplate  Electrode,  44  cm 

Fi#upe  7-11.  Phage  Shill  va.  Allied  Voltage  with  Sllberilae  "AA”  Aluminum  la  Cell 
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7.3.2  AI-CC14  MATERIALS  TESTTOG 

The  major  problem  with  the  Al-CCl^  artificial  dielectrics  lay  In  problems  of  settling 
and  coating,  yet,  it  remained  the  moat  successful  material  developed  in  terms  of 
maximum  producible  phase  shift.  In  reel  If  at  ions  were  run  In  the  S-bsad  system  com- 
paring two  different  aluminum  brands;  results  are  shown  In  figure  7-12.  So  ate  alu- 
minum preparation*  seemed  to  work  batter  (l.e.  provide  more  phase  shift  for  s gives 
voltage)  than  others,  which  can  be  attributed  to  different  asymmetries  sad  particle  etas 
distributions.  Prom  theoretical  considerations,  the  larger  particle  {which  would  have 
larger  polarizabilities)  would  saturate  at  lower  field  intensities.  Thus,  one  would 
expect  that  the  preparations  with  the  smallest  amount  of  phase  shift  at  peak  recorded 
£ field  are  those  preparations  with  the  smallest  particles.  II  would  be  these  particles 
that  one  would  expect  would  have  faster  rise  and  fall  time*.  Unfortunately,  due  to  the 
instability  of  At  - OCl4  preparations,  this  point  never  could  be  investigated  in  depth. 

Testa  were  also  conducted  varying  the  density  of  the  aluminum  added  to  the  CCI4 
dielectric.  Variation  in  density  testa  were  performed  for  different  aluminum  prepara- 
tions in  the  dielectric  test  cell  and  compared  favorably  with  theory.  Testa  run  in  the 
Ky-bisd  ptu.se  shift  cell.  Figure  7-13,  agreed  with  the  findings  of  the  dielectric  teal 
cell.  Gross  details  in  phase  shift  were  possible  but  measurement  errors  due  to 
settling  and  coating  of  the  aluminum  (after  pumping  was  stopped)  were  probably  on 
the  order  of  W!  with  the  Al  powders  and  pastes. 


BPPL S TO  VOL  THGC  < RMS  > 

Figure  7-12.  Obtainable  Phase  Shift  with  Sllberline  Powder 
sad  Reynolds  Paste  Aluminum  at  S- Hand 
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Figure  7-13.  Ky-Bud  Aim  Shift  with  Various  Densities  of  Sli  barline  "AA" 

7.3.3  Mg  - C04-CBr4  MATERIALS  TESTING 

in  the  search  to  find  a more  stable  liquid,  the  Mg  : CCl^  : CBr.  density  matched  sys- 
tem was  developed  as  described  In  Section  S.  The  advantage  of  this  system  Is  that 
sett! list  and  coating  problems  are  minimized,  although  some  flocculation  has  been 
observed.  This  problem,  though,  seems  to  be  related  to  trace  amounts  of  water 
present  in  the  system  and  can  be  remedied  by  us.1  of  the  proper  surfactant  to  wet  the 
m^nesium.  Test  results  at  various  frequencies  and  densities  are  shown  in  Figure 
7-14.  There  is  not  as  great  a skew  in  the  data  as  with  aluminum,  due  to  the  Increased 
stability  of  the  system.  However,  one  at  the  c appointments  in  the  magnesium  system 
lay  in  the  fact  that  ~ibO*  phase  shift  seemed  to  be  the  limiting  phase  shift  value  at  sat- 
uration for  the  same  loading  density  as  h*»  been  used  for  aluminum , This  is  probably 
so  because  the  aluminum  particles  are  more  pistelike  and  smaller  than  the  available 
325  and  400  sieve  magnesium  and  therefore  have  a much  larger  aumber  density  than 
the  magnesium  particles.  It  is  important  to  note  that  magnesium  approached  a satu- 
ration level  much  faster  than  the  aluminum  particles,  indicating  that  the  greater 
portion  of  magnesium  particles  were  probably  much  larger  than  the  aluminum  particles. 
One  would  expect  then,  that  the  corresponding  number  density  of  magnesium  particles 
as  opposed  to  aluminum  particles  would  be  considerably  lass,  thus  the  smaller  limiting 
value  »□  the  case  of  the  magnesium  artificial  dielectric. 
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Figure  7-14.  Phaw  Shift  »•..  Applied  Voltage  for  Mg-CCI4-CBr4  Dielectric 
at  Varioue  Praquaaciaa  and  CeaaKtea 


7.3.4  DISPERSION  OF  PHASE  SHIFT 


Tests  were  conduced  investigating  phase  shlf*  «.  applied  voitag*  for  various  wave- 
lengths across  the  band  of  2. 7-2. 9 GHt  tor  botl-  the  AI-CCI^  and  Mg-CCl^-CBr^ 
dielectric.  Unfortunately,  in  the  cue  of  the  AI-CCI^  "electric,  the  data  is  net  oon- 
a latent  (Pig  ire  7-15).  Thin,  however,  was  attributed  to  pnrticla  nettling  oner  the 
8-hour  period  of  testli*  and  coating  of  the  eletitrcde  by  the  preparations.  which 
probably  limited  meaauretnenta  to  an  accuracy  of  10%.  Normally.  wtthoU  particle 
settling  one  expects  increased  amount  of  phase  shift  as  the  RF  frequency  is  increased. 


Testing  wan  much  more  successful  In  the  case  of  the  Mg-CCl^-CBr^  liquid  dielectric. 
The  dispersion  curves  (Figure  7-14)  are  very  close  to  the  expected  1 A behavior  end 
are  at  least  consistent  and  in  the  proper  order. 
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Figure  7 -15.  Phase  Shift  vs.  Applied  Voltage  Showing  Effect  of 
Phase  Shift  Dependence  on  Frequency 


8.  HIGH  POWER  TESTS 


Okie  of  the  objectives  of  this  feasibility  study  Is  a demon st ration  at  the  high  power 
bundling  capability  at  the  phase  shifter.  The  Electronics  Division  procured  i trans- 
mitter and  established  a 500  *q  ft  high  power  test  laboratory  to  evaluate  the  high  power 
handling  capability  of  the  phase  shifter  and  components  of  other  radar  systems  la 
production. 


The  building  blocks  at  the  high  poser  test  laboratory,  made  up  from  both  the  PPM 
and  FPS-18  radar  systems  are: 


Transmitter.  Radar 
Modulator  Group 
Power  Supply 
Voltage  Regulator 
Heat  Exchanger 


T-338/FPS-6 

OA-320/PPSH5 

PP-783/FPS-6 

CN-93/CPS-6B 

MX-20I0/PPS-1& 


The  operating  characteristics  of  the  transmitter  are. 


Operating  Frequency 
Pulse  Width 

Pulse  Repetition  Frequeucy 
Duty  Cycle 
Peak  Power  Output 
Average  Power  Output 


2.7M5  GHx 
2 microsec 
360 

0.0007? 

5 Ms 
3.0  tew 


The  equipment  setup  for  high  power  testing  is  shown  in  Figure  8-1,  all  waveguide 
assemblies  up  to  the  device  under  test  are  pressurized  to  32  psi,  except  the  AIRCOM 
phase  shifter,  it  is  pressurized  to  15  psi.  All  high  power  testing  was  done  with  the 
pent  splat  e test  ceil  shown  In  the  frontispiece.  It  is  surrounded  by  a constant  tempera- 
ture or  cooling  jacket  to  lie  used  for  future  evaluation  of  the  exact  phase  shift  depend- 
ence on  temperature  of  different  materials.  The  picture  shows  the  uncoated  electrode 
configuration-,  in  operation,  the  electrodes  are  teflon  coated. 


The  first  high  power  test  conducted  was  of  the  phase  shifter  ceil  with  the  e’ectrodes  In 
place  but  using  only  carbon  tetrachloride  and  without  any  bias  voltage  on  the  elec- 
trodes. This  test  was  to  determine  possible  RF  breakdown  in  the  phase  shifter  cell. 
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For  i rectangular  waveguide  operating  in  the  T E|q  mode  the  maximum  power  handling 
capability  can  be  expressed  by: 

P = 6.63  x 1C"4  abf~\  (R  >l 2  (t-1) 

VJ  mu* 

where: 

P ■ Power  in  watts 
a *■  Width  of  waveguide  in  cm 
b ~ Height  of  waveguide  in  cm 
* * Free  .space  wavelength 

Ag*  Waveguide  waveleqgth  (same  units  as  are  used  for  A) 

E * Breakdown  voltage  gradient  of  the  dieleetric  filling  the  waveguide 
ma*  in  wits/cm 

Other  factors  to  be  considered  with  the  formula  are  the  VSWR  and  internal  pressure. 
The  VSWR  of  the  waveguide  lowers  the  maximum  power  handling  capability  of  the 
waveguide  by  the  reciprocal  of  the  magnitude  of  the  VSWR.  At  higher  internal  pres- 
sures, the  power  is  approximately  proportional  to  the  square  of  *he  density  of  air. 

To  determine  .he  maximum  voltage  between  the  electrodes  for  the  rated  transmitter 
peak  power  of  5 mt;  twalts  and  for  equal  electrode  spacing  the  following  data  was 
used: 


p- 

5 

megawatts 

a = 

7.21 

cm 

b * 

3.40 

cm 

A *• 

10.74 

cm 

16.1 

cm 

Solving  for  F gives 

max 

volts/cm  (8-2) 


max 


[pa  n: 

5 1 

6.63  x ID-4  ab\ j 


l sing  the  operating  data,  one  obtains,  for  an  air-filled  guide  at  the  center  of  the 
waveguide  a maximum  field  strength,  Fmax.  of  21475  volts /cm,  corresponding  to  a 

neak  voltage  level  of  about  73,000  volts.  The  maximum  voltage  gradient  of  the  wave 
guide  with  dry'  air  is  approximately  102,000  volts/cm.  Therefore,  a voltage  break- 
down of  the  phase  shifter  cell  with  only  the  electrodes  in  place  cannot  occur.  The 
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dielectric  constant  of  carbon  tetrachloride  it  2.  17  at  room  temperature  and  the  break- 
down gradient  is  increased  by  the  tame  factor. 

The  first  test  for  HF  breakdown  was  conducted  In  four  steps.  The  respective  avenge 
power  levels  were  263 . WiO,  <12,  and  1050  watt*.  The  highest  peak  power  level 

recorded  was  1.5  megawatts.  While  increasing  the  peak  power  to  about  2 megawatts 
an  RF  breakdown  in  the  harmonic  filter  was  noticed.  An  operating  level  for  the  filter 
was  then  established  below  the  breakdown  level.  Table  ft- 1 shows  that  a peak  power 
level  of  1.5  megawatts  was  the  maximum  possible  power  level  for  phase  shifter  testing. 

The  tests  of  the  phase  shifter  cell  filled  with  CCI^  and  the  pentaplate  electrode  con- 
figuration in  place  showed  that  RF  breakdown  at  s peak  power  level  of  1.5  megawatts 
and  an  average  power  level  of  1050  watts  is  not  a problem  for  the  base  solvent. 

Subsequent  tests  were  made  of  insertion  loss  as  a function  of  carbon  tetrachloride  and 
carbon  tetrabromide,  see  Figure  8-2.  The  addition  of  carbon  tetrabrumlde  increased 
the  insertion  loss  by  0. 1 dB  over  that  of  pure  carbon  tetrachloride.  It  is  known  that 
CBi’^  has  a higher  affinity*  for  water  and  this  could  have  produced  the  slight  increase 
in  insertion  loss.  Another  potential  contribution  to  this  increase  in  insertion  loss  may 
lie  caused  by  polar  Impurities  in  the  carbon  tetrabromide  because  the  available  mate- 
rial was  not  of  spect rog raphic  quality. 

Table  8-1.  Harmonic  Pilter  Operating  Characteristics 
as  a Function  of  Peak  power  Level 
(Duty  Cycle  .MOT) 


Power  level 


Average 
(watts ) 

j 

p«k] 

(Mw) 

Remarks 

1050 

r 

1 

t 

1 . 300 

Norma!  Filter  Operation 

1300 

j 

l . *iS7 

Irregular  Filter  Breakdown 

1000 

2.215  . 

Cbnsisten!  Filter  Breakdown 

1S00 

I 

. L 

2.571 

i. 

Consistent  Filter  Brealdown 

NOT F:  The  Vanan  filter  was  supplied  with  a 10  megawatt  peakpower  rating  for 
continuous  ope  ration. 
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Figure  ‘‘-l.  Insertion  Loss  vs.  Average  HF  5‘ower  level. 

at  Insertion  Imaoc  Leby  with  no  Bias  Field 


* The  next  step  in  the  test  cycle  wu  to  add  magnesium  to  the  CCT^-CBr^  mixture.  The 

\ phase'  shifter  liquid  was  compounded  for  a maximum  of  '4)*  p-  t*e  shift.  Thit  increased 

| the  phase  shifter  insertion  loss  to  1.0  dB.  The  phase  shift  s)U:a  in  Figure  4-3  ha»  been 

obtained  with  thus  material.  Fleet  rode  breakdown  occurred  at  the  high  applied  voltage 
levels  and  the  higher  BP  power  levels. 

.After  completion  of  all  tests  the  elect  rode*  were  removed  for  inspect  lor.  to  determine 
the  cause  of  breakdown.  The  apparent  cause  ;s  an rebut  ed  tc  insufficient  teflon  coating 
for  about  ? ir.  or.  or.v  of  the  edges  of  the  electrode.  The  region  of  arcing,  which  is 
the  cause  of  the  breakdown,  •»  only  the  edge  of  one  electrode  located  closest  to  the 
•Aivegg,ide  housing.  Figure  ---4a.  Arcing  started  from  U«e  electrode  edge  i&  the  teflon 
support  a;or.g  tr.e  teflon  support  to  the  waveguide  bousing,  Figure  4-4fc.  AS#o  shown 
: s the  observed  thir.  portion  of  the  teflon  «r«d  e%e  of  the  electrode.  The  actual; 
unset  of  arcirg  can  be  seer  to  be  the  »rx  comm  of  the  electrode.  Ftgtire  «-4c.  These 
are  material  points  of  h gr.  field  intensity  where  a.-cirg  would  be  expected  to  start. 

A not  be  r «et  of  ph*s*  shift  data  was  taxen  after  the  addition  at  V.'  dr c«ps  of  the  rncr- 
f i dart  Tervte’..  The  important  properties  of  surfactants,  shewrr.  sr.  Figure  F-.  . was 
the  addition  of  Teredo!,  which  reduced  the  insertion  lost  <.b*  rasters  stirs  ba  >>. I dB 
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Figure  »-3.  Phue  Shift  n.  A^pplied  VolU|e  for  V'aruua  Power  Level* 

and,  an  Figure  S*5,  where  the  amount  of  piuuc  shift  obtained  for  a given  applied  voltage 
is  increased  over  that  obtained  from  the  Mg-CCl^-CBr.!  dielectric  only.  The  advantage 
of  adding  a surfactant  is  shown  In  Figure  6-6.  This  is  the  first  time  that  the  merits  of 
adding  surfactants  have  been  shown  c‘ early.  Previous  wort  was  primarily  concerned 
with  keeping  the  mixture  of  the  liquid  dielectric  as  simple  as  possible. 

This  is  a very  important  result  in  the  sense  that  it  appears  possible  to  allow  even 
further  reduction  of  phase  shifter  insertion  loss  in  the  aluminum -carton  tetrachloride 
dielectric  which  has  an  insertion  loss  of  only  one  half  that  of  iig-CCI^  -CBr*  or  0.5  dB 
maximum,  although  aluminum -based  artificial  dielectrics  of  large  particle  size  would 
have  to  be  pumped.  This  consideration  makes  it  e .n  more  important  to  exploit  the 
use  of  extremely  small  particle*. 

Limited  measurements  of  the  change  it.  insertion  loss  as  a function  of  pease  shift  was 
mad«-  at  average  power  levels  of  331  and  525  watts.  The  results.  Figure  indicate 
an  increase  of  insertion  loss  by  ’0.5  dB. 

The  last  high  power  test  performed  was  that  of  determining  any  relative  pease  shift  as 
i fiuucuon  of  power  level,  see  Figure  *-«.  Considering  instrumeotau'c  error*  one 
mus:  conclude  that  there  is  no  definite  change  in  phase  shift  as  a function  of  RF  average 
power  levels  .p  tc  one  kilowatt,  as  tested.  This  is  m a re  a,  sense  a reassuring  result, 

mas  - jC.*.  a*  i:  indicate*  that  RF  iiaeractioc  wise.  the  partiOs  doe*  rxDt  seem-  to  taxe 
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p!a<  •,  although  a firm  conclusion  to  that  effect  cannot  be  drawn  from  the  limited 
e*|a-rin*er«al  data. 

After  icMi  with  the  magnesium  based  dielectric  were  completed,  a mixture  of  alumi- 
num and  carbon  tetrachloride  was  put  into  the  teat  cell.  Only  limited  tests  could  be 
run  since  prolonged  electrode  arcing  at  high  applied  voltage*  had  established  a low 
level  of  breakdown.  The  AI-CCI4  liquid  exhibited  breakdown  at  16*  watt*  avenge, 
act  Tabic  #-2.  This  problem  «u  related  to  electrode  a relict  caused  by  aluminum 
coating  action,  although  this  could  not  be  verified  from  subsequent  inspection  0#  the 
waveguide  housing  and  the  electrode  assembly.  The  results  demonstrate  rather 
forcefully  the  reduction  of  obtainable  phase  shift  when  th>  liquid  is  rapidly  pumped 
throtgh  the  cell,  ft  appears  that  particle  alignment  by  this  bias  Held  is  quite  hunted. 
Thu  effect  ts  similar  to  that  of  Brownian  motion  itself,  w.iere  particles  are  kept  in 
random  orientation  and  even  limited  orientation  requires  t certain  threshold  voltage 
to  overconi*  the  effects  of  Brownian  motion. 


...  T . 


Table  *-2.  Al~CCt4  Phase  Shift  Tests 
(Power  Level:  105  tVatts  Average) 
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Appl  tod 
Voltage 
(Volts » 


to: 


Phase  Shift 


Pump  < >n 
(Deg.l 

I)  * 

4i* 


Pump  Off 
(Ha*  I 

0* 

SSU* 


*• 


Insertion  Loss 


Pump  On 
(dB> 

O.i 

11.  (, 


Pump  Off 
(dB) 


b.5 

Klectrode 
A rckng* 


■ T-u-  same  set  ->f  ele<r  tr>>dc»  we  re  „.-ed  for  the  entire  testing  phase. 


9.  SUMMARY  AND  CONCLUSIONS 


Analytical  and  expert  mental  atudfee  were  concerned  with  establishing  the  feasibility 
of  developing  a reciprocal,  high  power,  analog  phaae  shifter  applying  the  principle# 
of  electrically  controllable  liquid  artificial  dielectric*. 

The  particular  area*  investigated  were:  phase  shift  cell  design:  electrode  coaltqg 
pumping  system,  metallic  suspensions,  proteins,  and  liquid  crystals.  Low  power 
measurements  of  insertion  loss,  VS  Ml . phase  shift,  and  response  time  warn  made 
to  describe  the  phase  shifter  performance.  Subsequent  to  establishing  a high  power 
facility  capable  of  providing  a peak  power  of  5 megawatts  at  an  average  power  level  of 
3.t>  kilowatts  a senes  of  high  power  tests  were  made  with  a magnesium  hosed  arti- 
ficial dielectric  compounded  for  a phase  shift  of  90*  at  a saturation  voltage  of  ap- 
proximately 500  volts.  The  device  was  tested  to  1.5  MW  peak  power  and  1 kVV 
average.  Some  dependence  oi  the  breakdown  voltage  and  the  power  of  the  microwave 
field  was  observed. 

Two  pi Jtse  shifter  electrode  designs  were  evaluated  by  insertion  loos  »n<l  VSWR 
measurements  over  the  hand  of  frequencies  front  2.?  to  2.9  (1Hz.  The  insertion  loss 
due  to  electrode  configuration  is  reduced  by  increasing  the  hole  size  in  the  electrode. 
This  tends  to  e .ualize  the  flow  characteristics.  It  was  also  observed  that  the  edge  of 
the  single  electrode  geoera'-d  higher  order  r.todee.  A TFjo  mode  field  was  measured 
at  she  discontinuity  and  tn  the  region  of  the  electrode.  The  best  results,  however, 
were  obtained  with  a five-plate  electrode  configuration.  All  insertion  loss  peaks  were 
eliminated,  no  moding  was  observed,  and  it  has  the  advantage  of  providing  higher 
field  intensity  w-th  low  applied  control  voltage.  Although  the  present  pealapiate 
design  may  riot  lie  optimum,  it  certainly  demonstrates  that  avenues  for  optimization 
re  avm  la  He. 

Alt  electrodes  used  are  teflon  coat**'*  to  reduce  potential  broakdmvn  problems.  how- 
v. er . the  result*  iron,  high  power  testing  indicated  that  the  edges  of  the  electrodes 
should  e coo  tod  careful!  v.  'because  the  coating  at  the  edges  is  usually  much  thinner 
than  on  the  flat  portion.  The  need  or  teflon  coating  tray,  however,  he  eliminated 
altogether  "n  us  mg  a metallic  suspension  of  coated  particles  that  do  not  paint. 

The  pm.:!  ping  system  was  used  during  e-rlv  exper.  events  to  agitate  the  suspension 
and  p.  '.'.eat  the  par. ales  Iron,  settling  out.  A thorough  study  of  the  pumping  nquire- 
rt.ent  and  its  effects  on  phase  shift  performance  was  made  with  the  conclusion  that 
moving  the  liquid  reduce*  the  available  phaae  shift  by  as  much  as  a.» , . as  demon - 
’Intel  dur.nur  high  poarer  tests  with  the  Al-O'tj  si  stem.  This  ts  true  P.-r  bosh 
. trr.uvt r and  turbulent  flow.  This  strongly  supports  the  preferred  direction  of  phase 
-h  tier  desv  top  neat  because  elimination  of  the  pumping  svstem  was  an  earl>  goal. 

’•v  .Keep  the  phase  shifter  design  as  simple  and  com  effee ttve  as  possible. 


Ci  all  the  liquid  system*  tested  the  aluminum  -carbon  tetrachloride  dielectric  provided 
the  greatest  phase  shift,  — 1000*  at  Ku  for  ZOO  volts  rim  without  pumping,  however, 
the  particle  suce  is  quite  large  and  therefore  intermittent  pumpixqt  would  be  required 
to  prevent  particle  settling.  Beyond  that  it  appears  that  vhimmmn  dons  have  > tend- 
ency to  paint  the  electrode  support  surfaces  thus  contributing  to  nienfm  I breakdown. 

To  eliminate  the  need  for  a pumping  system  a new  dielectric  system  was  developed 
consisting  of  magnesium,  carbon  tetrachloride,  and  carbon  tetrsbromlde.  Both 
liquids  are  mixed  In  a proportion  to  match  the  density  of  the  liquid  to  that  of  the 
magnesium  particles.  This  density -matched  system  ts  now  stable  in  suspension, 
at  teast  for  2 months  and  does  not  require  pumping.  At  the  present  time  the  inoint 
of  ^obtainable  phase  shift  is  only  about  507  of  aluminum.  This  is  caused  by  the  largo 
particle  sire  U0--0  microns}.  Thus  a given  particle  weight  density  has  a much 
lower  particle  number  density,  hence  the  reduced  obtainable  phase  shift.  The 
density-matched  system  is  also  stable  over  a range  of  temperatures  from  about  15* 
to  J0*C. 


Magnesium  particle*  tended  to  flocculate;  nme  experiments  indicated  'Hal  this  could 
be  caused  by  water.  This  problem  was  solve  ‘ ,y  adding  a surfactant  Tergitol.  It 
provided  two  additional  benefits.  Insertion  loss  of  the  Mg-CCI4-CBr4  was  reduced 
from  1 dB  to  0. 7 dB  and  phase  shift  properties  were  increased  for  a 90*  test  cell. 

Liquid  crystals  were  also  studied  at  Ku-band  in  an  effort  to  find  a one-component 
system.  The  nematic  liquid  crystals  had  a very  high  insertion  loss.  The  cholesteric 
types  showed  no  absorption  at  Ku-band;  however,  it  appeared  that  the  duty  cycle  of  the 
C<v>er  high  voltage  power  stgiply  was  not  high  enough  to  observe  appreciable  amounts 
of  >iha*e  shift.  Five  solutions  of  liquid  crystals  in  hexane  or  carbon  tetrachloride 
vie  hied  no  observable  phase  shift.  These  may  also  require  higher  voltages  with 
hlgp  duty  cycle  or  even  dc  because  liquid  crystals  generally  tend  to  require  high 
applied  electric  fields,  when  used  for  displays. 

l*r  >tems  were  examined  for  use  as  one-component  artificial  dielectric*  because 
of  ‘heir  large  dipole  moments.  Since  all  of  them  are  only  soluble  m either  water  or 
ethanol,  thev  do  have  high  absorption  In  the  microwave  region  and  are  therefore 
not  useful. 


Th«  effort  to  use  lowest  possible  applied  voltage  for  MM)*  phase  shift  with  particle* 
in  the  sire  range  of  i to  2o  microns  does  not  produce  fast  response  times.  .As 
predicted  by  the  theory  and  verified  oy  measurements  the  response  time  for  particles 
with  an  average  diameter  of  about  10  microns  and  for  an  applied  voltage  of  1 bO  volts. 
•h«  response  time  ts  about  1 sec.  Since  according  to  theory  the  response  time 
feye  ds  in  the  third  power  of  the  particle  radius  and  approx  mate ly  oc  the  second 


power  of  the  applied  field,  two  date  point*  verifying  the  theory  have  bean  obtained. 

One  data  point  was  obtained  by  B use  her  (7)  in  1972  in  which  the  panic  lee  were  reduced 
in  size  by  ooe  order  of  magnitude  by  ballm tiling  them  for  three  days  nod  by  applying 
a field  of  20  kV  to  obtain  a phase  shift  of  360*.  thereby  observing  a reapouea  time  of 
10  microseconds.  As  the  theory  shows,  the  strongest  dependence  for  fast  response 
times  is  or  particle  sue.  Thin  appears  to  be  (he  preferred  direction  of  liquid  phaee 
shifter  development  since  it  does  not  require  the  uee  of  high  voltages,  However,  high 
v allages  do  increase  the  potential  for  breakdown. 

The  response  time  behavior  of  small  and  large  parficlee  in  suapeaatae  is  theoretically 
quite  well  understood.  From  our  investigations  it  appears  that  a theory  to  accurately 
predict  response  time  behavior  of  large  particles  for  very  high  field  strength  is  not 
yet  fully  developed. 

The  high  power  tests,  although  very  successful,  were  limited  to  a peak  power  level  of 
1.5  megawatt*  and  an  average  power  Leva!  of  1050  watts.  This  limitation  was  imposed 
by  breakdown  by  the  harmonic  filter  at  less  than  2 megawatts.  After  approai  irately 
one  week  of  testing,  electrode  breakdown  by  arcing  was  observed.  Inspection  showed 
that  arcing  started  from  a corner  of  one  electrode  nearest  the  waveguide  housing  and 
was  caused  by  the  insufficient  thickness  of  teflon  coating  on  the  edges . 

From  the  analytical  and  experimental  results  obtained  on  this  program  it  can  fie 
concluded  that  the  existing  theory  for  metallic  particle  suspension  has  been  verified 
at  two  extreme  points  of  response  time  providing  a solid  base  of  what  can  tie  expected 
in  future  work.  Although  the  results  were  obtained  at  different  t requeue  res  the 
implications  concerning  response  time  are  still  valid.  The  results  also  indicate  that, 
for  fast  response  time  needs,  small  particles  are  desired.  Moreover,  they  also 
remain  '.  stable  suspension  indefinitely. 

L.quid  deas.ty  matching  techniques  are  very  useful  but  as  a rule  they  operate  over  a 
In:. lied  range  of  tempei  attires . |A  suspension  of  Mg-CCl^  CBr^  is  stable  for  si 
least  two  months,  i The  particles  -r,  the  present!',  used  suspension  lend  to  ruse  at 
15 V and  settle  at  about  40T  whether  this  range  of  temperature  can  be  widened  ta 
at  present  doubtful.  The  .importance  of  the  use  of  surfactants  for  reducing  insertion 
loss  and  increasing,  available  phase  shift  ta  also  demonstrated  and  should  be  exploited 
to  full  advantage  Several  problem  areas  have  been  highlighted  in  view  of  the  results 
named  and  they  point  the  way  fo.  obtaining  fetter  performance  character!  tics. 

Jf  ' Ut  !'*■  •'<>  winded  ’hat  the  approach  seems  feasible  for  developing  a reciprocal, 
fugfe  power.  Low  toss.  analog  phase  shifter  both  simple  to  construction  and  low  coat 
.neven  small  quantities.  Direction  for  fuiure  wo/  i to  optimize  specific  performance 

i.  iarae.  ter ’.sties  has  been  shown. 
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